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Deutsche Zusammenfassung 
Supramolekulare Chemie ist ein seit über 50 Jahren rapide wachsendes Forschungsgebiet und 
supramolekulare Gefäße haben weitreichende Anwendung sowohl in der Grundlagenforschung 
gefunden als auch in anwenderbezogenen Problemen.  Besonders an der Schnittstelle von 
supramolekularer Chemie und biologischer Chemie haben die Entwicklungen der vergangenen 
zwei Dekaden das große Anwendungspotential deutlich gemacht.  Eine besonders interessante 
Klasse von supramolekularen Gefäßen sind sogenannte molekulare Pinzetten, die im Gegensatz 
zum Großteil der Gefäße keine macrocyclische Struktur aufweisen, sondern als zwei 
Erkennungsschnittstellen beschrieben werden können, die durch eine Verbindungsbrücke 
zugleich verbunden, aber auch voneinander räumlich getrennt sind.  Einige wasserlösliche 
Pinzetten können gewisse biogene Zielstrukturen sowohl in vitro als auch in vivo sehr stark 
binden.  Jedoch wurde ein Gerüst, das für das Verstehen der Struktur-Aktivitäts-Relationen 
schnell und divers derivatisiert werden kann, bisher nicht präsentiert. 
Im Rahmen dieser Dissertation wurde eine generelle synthetische Plattform für phosphorylierte 
Pinzetten mit der Struktur 81 entwickelt, die die schnelle Modifikation an mehreren Positionen 
des Kohlenstoffgerüsts und den Aufbau nicht-symmetrischer Pinzetten ermöglicht.  Basierend 
auf dieser Plattform wurden fünf Derivate synthetisiert.  Die Untersuchung der Pinzette erster 
Generation 90 führte zum Schluss, dass Gefäße mit der generellen Struktur 81 vielversprechend 
für die molekulare Erkennung von organischen Diaminen als Gastmoleküle in wässriger 
Lösung sind und einzigartige Bindungseigenschaften aufweisen.  Eine zweite Generation 
solcher Pinzetten mit variierten Substitutionsmustern wurde synthetisiert.  Diese Pinzetten 127–
130 liefern Einblicke in den Effekt unterschiedlicher Positionierung der Phosphatgruppen 
sowie der Derivatisierung an den Spitzen der Pinzetten. 
Mit den untersuchten Substitutionsmustern konnte entweder ein guter Zugang zur Innenseite 
der Pinzette auch für sterisch anspruchsvolle Gastmoleküle oder starke Interaktionen über 
ionische Bindungen des Gasts mit den Phosphatgruppen des Gefäßes erreicht werden.  Das 
Erzielen von starken Interaktionen mit sterisch anspruchsvollen Gästen benötigt weitere 
Forschung.  Die Erkenntnisse aus dieser Arbeit können als Anleitung für zukünftige 
Generationen von molekularen Pinzetten der Struktur 81 interpretiert werden, die 
maßgeschneidert sind für Gastmoleküle mit ihrem jeweiligen sterischen Anspruch und ihrer 
chemischen Umgebung.  
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English Abstract 
Supramolecular chemistry is a field that has been growing rapidly for over half a century and 
supramolecular hosts have found wide-spread application both in fundamental research and 
"real-life" problems.  Especially at the junction of supramolecular chemistry and biological 
chemistry, the development of the past two decades showcases the vast potential of tailor-made 
synthetic hosts.  One particularly interesting class of supramolecular hosts is called molecular 
tweezers which can be differentiated from the majority of hosts in that they are structurally not 
macrocyclic but can be described as two recognition sites connected but kept apart from each 
other via a spacer unit.  Several water-soluble tweezers have been shown to strongly interact 
with important biogenic targets in vitro and in vivo but a framework that can be used for facile 
and diverse derivatization to assess the SAR in detail has not been presented so far. 
In this thesis, a general synthetic platform towards phosphorylated tweezers of the structure 81 
has been developed that allows for rapid derivatization at multiple different positions of the 
carbon skeleton and construction of non-symmetric tweezers.  Based on this synthetic platform, 
five derivatives have been synthesized.  The investigation of the first-generation tweezer 90 led 
to the conclusion that hosts with the general structure 81 are a promising entry into molecular 
recognition of organic diamine guests in aqueous media with unique binding properties.  A 
second generation of tweezers was synthesized with varying substitution patterns.  These 
tweezers 127–130 provided insight into the effect of variation of the position of the phosphate 
groups and the derivatization of the tips of the tweezers on the recognition patterns. 
Overall, in the substitution patterns of these first two generations, either a readily accessible 
entrance into the cavity of the tweezer for sterically hindered guests or strong binding via ionic 
interactions of the guest with the phosphate groups of the host has been achieved. However, 
very strong binding to sterically demanding guests will necessitate further research.  The 
understanding of the binding properties of these five tweezers may be seen as a guide towards 
future generations of molecular tweezers that are based on the structure 81 and can be tailor-
made for guests based on their steric hindrance and chemical surroundings.  
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1 Introduction 
The first organic molecules on Earth were formed several billions of years ago in the primordial 
soup and eventually resulted in the emergence of life.  Ever since, the ongoing arms race that 
is evolution has led to living species utilizing molecular structures of growing complexity and 
efficiency.  One key feature of such structures is the ability to precisely and selectively bind 
certain interaction partners in a well-defined way by means of primarily non-covalent bonding.  
While it was a rather modern concept to adapt this evolution-proven concept to purely synthetic 
systems, chemists started to understand those principles already at the dawn of modern 
chemistry.  In 1894, for instance, Fischer presented his well-known analogy of "lock & key" to 
describe complementary enzyme binding to a substrate (Figure 1A).1  Later, this model was 
replaced by the refined model of "induced fit" (Figure 1B), which took the complementarity 
into account and added an important insight: upon initial binding of the substrate both substrate 
and enzyme may undergo conformational changes.  These conformational changes lead to an 
enzyme-substrate complex in which the highest affinity of the enzyme is not towards the 
substrate but to the transition state of the catalyzed reaction..2,3  This concept has not only set 
stage for understanding a central principle of catalysis but also already clearly showed that 
interactions of a large molecular host and its smaller guest are not static, but dynamic in nature. 
 
Figure 1.  (A) Conceptual depiction of the "lock & key" theory, in which a substrate (red) 
binds to the complementary enzyme (blue) to engage in a catalytic reaction, followed by 
release of the products (yellow) and recovery of the enzyme.  (B) In the "induced fit" 
theory, after forming an initial, weakly binding complex of enzyme and substrate, 
conformational changes lead to a complementary, strongly binding complex that is close 
to the transition state of the reaction; after the enzymatic reaction, the products are 
released and the original structure of the enzyme is restored. 
Numerous modes of noncovalent bonding are now known to play key roles in biological 
processes.  An important example of intramolecular processes driven by noncovalent bonding 
is formation of tertiary structure in polynucleotides or polypeptides.  Intermolecular examples 
can be found in phenomena as diverse as protein-protein interactions, formation of complex 
A)
B)
+
+
+
+
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chromatin, or antibody-antigen binding to just name a few besides enzymatic reactions.  With 
an advancing understanding of the modes of intermolecular interaction and recognition, the 
research of using and manipulating the interplay of these forces started growing in importance 
and recognition very rapidly in the second half of the last century. 
 
1.1 Reversible Binding in Supramolecular Chemistry 
In 1978, Lehn termed the field of supramolecular chemistry as "chemistry beyond the 
molecule", which would be described as "the chemistry of the intermolecular bond, covering 
the structures and functions of the entities formed by association of two or more chemical 
species."4  His pioneering work together with the work of Pederson and Cram was recognized 
with the Nobel Prize in chemistry in 1987 for "syntheses of molecules that mimic important 
biological processes", which is a testament to how closely related the topics of molecular 
biology and supramolecular chemistry are.  These authors' early groundbreaking contributions 
to cation binding (besides others) set the foundation for the rapid evolution of this field that 
found another preliminary climax in the Nobel Prize in chemistry being awarded to Sauvage, 
Stoddart and Feringa in 2016 for "the design and synthesis of molecular machines." 
An important prerequisite for the characterization of supramolecular host-guest interactions 
was being able to precisely measure these equilibria.  One of the most important values to 
describe an equilibrium in host-guest chemistry is the association constant Ka which by 
thermodynamics also describes the free energy DG of complex formation upon binding.5,6  In 
consequence, the process of association can be driven by entropy or enthalpy.  Several 
analytical methods have been shown highly valuable in determination of Ka and DG via 
titration, including NMR, UV-Vis or fluorescence spectroscopy.  As a particularly valuable 
method, calorimetric analysis (by means of isothermal titration calorimetry, ITC) allows for 
direct analysis of the free enthalpy DH and therefore complete description of both the enthalpy 
and the entropy term of the equilibrium.7  Since host-guest interactions are intermolecular in 
nature, they are not only depending on the specific host and guest, but also the surrounding 
solvent which can compete for binding and therefore have a profound influence on binding 
mode and efficiency.  Solvation and desolvation plays a critical role in many equilibria and 
while an equilibrium may highly favor association in apolar organic solvents, the interactions 
may be strongly impeded in polar organic solvent or in water.8  
  3 
1.1.1 Size-Dependant Binding of Spherical Cations 
Early contributions to purely synthetic supramolecular host structures strongly drew inspiration 
from nature.  The natural product valinomycin (1) is known to be a very potent ionophore that 
can bind potassium ions very tightly and with high selectivity (Figure 2A): the shape of the 
cavity of valinomycin allows for a binding constant Ka for the K+-complex that is approx. 106 
times higher than for the complex with the much smaller guest Na+.9-11  A result of its 
amphiphilic properties is that the potassium complex of this molecule is presenting hydrophobic 
moieties in such a way that it can interact with cellular and intracellular membranes and 
therefore function as a K+ shuttle, leading to rapid depression of the membrane potential.12,13  
Cation complexation is an attractive means to anion activation of ionic reagents, e.g. 
superbases.14,15  However, the applicability of 1 is limited under conditions often employed in 
organic chemistry due to the limited stability of the six-fold esterified skeleton.  While 
numerous naturally occurring ionophores could arguably satisfy the need for stability, their 
complex structures are prohibitive regarding a fully synthetic production.  The fact, however, 
that one prominent class of ionophores are polyethers like monensin (2, Figure 2B) highlights 
that the chemically robust ether functional group is a nature-proven alternative to the more 
reactive carbonyl groups. 
 
Figure 2.  Chemical structures of exemplary naturally occurring 
ionophores and crystal structures of the corresponding potassium 
complexes: (A) valinomycin (1).   (B) monensin A (2).16,17 
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In the second half of the previous century, Pederson contributed pioneering work on cyclic 
polyethers named crown ethers or coronands, arguably the first synthetic supramolecular 
constructs, with the goal of mimicking the cation-complexing capabilities of natural 
ionophores.18,19  Important advantages of this work were (1) that differently-sized macrocycles 
could be used to complementarily bind different cations, (2) that a broad scope of skeletons is 
accessible by variation of the alkyl or aryl linkers between the ether groups and (3) the stability 
of these ethers against highly reactive substances.  In consequence, crown ethers like 
18-crown-6 (3, Figure 3) have not only found application in ion sensing but have also become 
a staple in organic synthesis.20  Later, Vögtle showed that simple acyclic polyethers like 
pentaglyme (4), named podands, have properties similar to crown ethers: while the acyclic 
structure allows for more degrees of freedom and therefore results in reduced preorganization 
of the host leading to reduced binding efficiency, one major advantage of podands was the 
considerably more economically friendly and facile synthesis.21,22 
Following this work, the Lehn group presented their work on polycyclic cryptands: the 
realization that increased three-dimensional complexity may allow for stronger binding than in 
a mostly flat structure like crown ethers led to their synthesis of cryptands, including the 
exceptionally strong binder of potassium ions "[2,2,2]" (5).23,24  While both 3 and 5 far surpass 
their natural product progenitors (Ka = 7.9•104 M–1 for 1•K+ complex), the binding constant of 
the 1:1 complex with K+ is more than four orders of magnitude larger for the spheroidal host 5 
(Ka = 2.6•1010 M–1) than for 3 (Ka = 1.1•106 M–1, all values given in MeOH as solvent).25,26 
 
Figure 3.  Early supramolecular hosts for spherical cations: the coronand 18-crown-6 
(3), the podand pentaglyme (4), the cryptand [2,2,2] (5), and the spherand 6. 
Based on Lehn's results, Cram inferred that an increasing level of preorganization in a host 
structure may lead to higher binding of a guest, which resulted in him and co-workers designing 
very rigid host complexes called spherands, exemplified by 6.  Furthermore, he and his co-
workers described reorganization and desolvation as the two main processes that determine the 
thermodynamics of a host-guest complexation event.  They argued that starting with solvents 
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at the low end, a progression of ligand structures in order of their preorganization may explain 
their binding properties: (1) due to their acyclic structures and little rotational and steric 
constraints, podands (like 4) are essentially single binding sites connected by loose linkers.  
They have many degrees of freedom that need to be limited in the event of complexation of a 
suitable guest; additionally, the binding sites are readily accessible by surrounding solvent.  
Therefore, formation of a podand-guest complex suffers from both a relatively high host 
desolvation burden and a considerable reorganization burden.  (2) In coronands (like 3) the 
degrees of freedom are reduced due to the macrocyclic structure, but the comparison of the 
crystal structures of pure 3 and 3•K+ suggests that its high flexibility leads to the possibility of 
the host to fill its own cavity, which still puts a reorganization burden on the system (Figure 
4A).27,28  (3) As described before, the more three-dimensional structure enforced by the bridged 
systems help further increase the preorganization in polycyclic cryptands (like 5).  The crystal 
structure of 5 suggests that reorganization burden is lower and the additional bridges may help 
inhibiting host solvation to some extent (Figure 4B).29,30 
 
 
 
Figure 4.  Comparison of crystal structures of pure supramolecular hosts and their complexes with a spherical 
cation showcases different levels of preorganization. (A) Coronand 3 and the complex 3•K+.27,28  (B) cryptand 
5 and the complex 5•K+.29,30  (C) Spherand 6 and the complex 6•Li+.31 
(4) In their own work, Cram and co-workers then showed that the more rigid spherands (like 
6) are highly pre-organized, undergo little organizational changes upon complexation and have 
a virtually empty cavity when not binding to a guest which is also evident in crystal structures 
(Figure 4C).31  As a result, the relatively small cavity of 6 binds lithium ions very strongly 
A) B) C)
  6 
(Ka > 7•1016 M–1 in D2O-saturated CDCl3), while it cannot accommodate larger cations 
comparably well.  Titration experiments with its open-chain analog (Ka < 2.5•104 M–1 in D2O-
saturated CDCl3), which is much more flexible, further highlighted the importance of rigid 
preorganization of the host.32 
 
1.1.2 Binding of Non-Spherical Guests 
In all examples above, host-guest interaction is shown for binding of a spherical metal ion by 
the supramolecular host but binding of molecular (and therefore more complex) cations is a 
well-described phenomenon as well.  Binding non-spherical guests adds another layer to the 
challenge of achieving host-guest interactions in that a host does not only have to be well-suited 
in its cavity's size, but also have a proper shape in order to optimally interact with the guest.  
With the exceptional role of substituted ammonium ions in biological systems, hosts that can 
accommodate such guests have always been of special interest.  Notably, both coronand 3 and 
cryptand 5 can bind ammonium cations, although not as strongly as alkali cations.33,34  When 
crystals structures of 3•K+ (Figure 5A) and 3•NH4+ (Figure 5B) are compared, one major 
difference is that the potassium cation sits virtually perfectly in plane with the coronand and 
 
 
Figure 5.  Binding of spherical versus non-spherical cations. (A) side 
and top view of the crystal structure of the complex 3•K+.  (B) side 
and top view of the crystal structure of the complex 3•NH4+.35 
A)
B)
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the ammonium is located out of this plane.  This can be explained by the fact that while cation-
dipole interactions are the dominant force behind the formation of the complex in the first case, 
the interplay of cation-dipole interactions and hydrogen bonding defines the interaction of host 
and guest in the second case.  This means that 3 – and similarly 5 – do not have ideally shaped 
cavities to host a non-spherical guest.  However, although binding of ammonium species with 
crown ethers is not ideal, the binding mode implies that one substituent on the nitrogen can be 
replaced with limited consequences to binding.  Therefore, crown ethers have been recognized 
as binding sites for alkylamines which has found application in a multitude of systems over the 
time ranging from analytical chemistry to catalysis.36,37 
More efficient binding of a molecular cation can be achieved by adapting the host's cavity to 
the guest's geometry as showcased by macrotricycle 7 (Figure 6A), which binds ammonium 
ions very strongly and selectively over spherical cations (Ka = 1.3•106 M–1 for 7•NH4+ in 
MeOH, Ka(7•NH4+)/Ka(7•K+) > 500, compared to < 0.2 for coronand 3).38,39  Besides having a 
cavity that fits NH4+ very well in size, the tetrahedral arrangement of the tertiary amines allows 
for a perfect hydrogen bonding network (Figure 6B).  Additionally, the octahedron described 
by the ether linkages of 7 further stabilizes the cationic guest inside the cavity.40  7 can therefore 
be seen as an early prime example for host-guest interactions that is achieved by approaching 
complementarity not only size-wise, but also shape-wise. 
 
Figure 6.  (A) Chemical structure of spherical cryptand 7. 
(B) Energy-minimized structure of the ammonium complex of 
spherical cryptand 7 with highlighted hydrogen bonds.40 
Since the skeleton of cryptand 7 comprises four trialkylamine functionalities, the compound is 
inherently basic.  In fact, it was shown that 7 can bind H2O in acidic media in a way that the 
network of hydrogen bonds of monoprotonated 7 fixates H3O+ within the cavity in a fashion 
very similar to ammonium cations.40  Abstracting such a complex to tetraprotonated 7 and a 
centrally bound "O2–", this ultimately meant that tetraprotonated 7 should be capable of binding 
an anionic species of suitable size; inspired by pioneering work on an ellipsoidal chloride 
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receptor by Park and Simmons,41 Lehn and co-workers found that tetraprotonated 7 forms very 
stable complexes with halides in dependence on the size of these anionic guests: while complex 
formation with fluoride ions was observed, the mismatch between the cavity size and the 
volume of the small anion explains the weaker binding compared to the larger chloride and 
bromide ions, both of which bind very tightly to 7H44+.  Iodide was found to be too large to form 
an inclusion complex with 7H44+ at all.42  Quaternization of the trialkylamines in 7 showed that 
binding of an anion is not only possible via hydrogen bonding, but also by ionic interactions of 
an anionic guest with the cationic host 7Me44+ (Figure 7).43 However, although ionic interactions 
are generally very strong, 7Me44+ forms relatively weak complexes with halide anions, arguably 
due to the presence of the strong dipoles of the ether linkages.  Therefore, analogs of 7Me44+ in 
which the ether groups are replaced by methylene linkers show much stronger binding.  
Furthermore, by changing the size of the linker of these hosts, binding of different anionic 
guests is possible; for instance, the cavity of the C6-linked cryptand 8 is large enough to 
encapsulate an iodide anion (Figure 7B).44 
 
Figure 7.  (A) Quaternization of cryptand 7 leads to the cationic host 7Me44+.  (B) 
Related cationic host 8.  (C) Crystal structure of the inclusion complex of 8•I–.44 
Besides achieving size selectivity, selective recognition of non-spherical anions represents both 
a challenge but also an opportunity in that anions occur in a multitude of geometries, sizes and, 
notably, charge states depending on the pH of the medium; challenge, because host-guest 
interaction may be depending on the proper protonation of certain sites of either host and/or 
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guest; opportunity, because a host that is tailor-made for one particular size, shape and charge 
state is more likely to be highly selective for one well-fitting guest than a system in which 
achieving selectivity is attempted only by fitting the size of a cavity to a certain guest.45  One 
example for a synthetic host that can bind, albeit not very selectively, several differently-shaped 
anions is the TREN-based cyclophane 9 which was first introduced in 1991 by Martell 
(Figure 8A).46 Although also earlier initial examples showed that supramolecular hosts can 
differentiate anions by their shape,47 detailed studies of 9 showed that its protonated form could 
accommodate anions as diverse as perchlorate, thiosulfate or oxalate, and that the spacious 
cavity also allows for smaller anions – like the planar trigonal nitrate and the small spherical 
chloride – to be bound in a 1:2 stoichiometry (Figure 8B).48-52  Moreover, already in their initial 
report, Martell and co-workers realized that the TREN-subunits of 9 would readily bind 
copper(II) ions and that the resultant 9•Cu2 complex readily binds atmospheric CO2 as 
carbonate in a cascade complex (Figure 8C).46,53,54  The crystal structure of this complex shows 
that the basic cyclophane's function is to coordinate the copper(II) cations in a proper position, 
resulting in binding of the carbonate anion via strong ion-ion interactions.  Such cascade 
complexes were described with 9 and numerous combinations of metals and anions.55-58  
 
Figure 8.  (A) Chemical structure of cyclophane 9.  (B) Crystal structures of the inclusion 
complex of 9 and oxalate and the 1:2 complex of 9 with nitrate.51,52  (C) Crystal structures of 
cascade complexes of 9, Cu2+ and carbonate and azide anions.53,56 
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While anion binding within 8 or derivatives thereof and 9 is ultimately strongly facilitated by 
the positive charge of the host, binding by a neutral moiety via hydrogen bonding is also 
feasible.  For instance, in proteins, an important functional group is the guanidine in arginine, 
which inspired researchers to develop a wide variety of hosts based on structurally related 
functional groups like amides, urea or thiourea.45  However, in order to be an effective hydrogen 
bond donor, a functional group containing at least one polarized hydrogen atom needs to be 
positioned in the skeleton of a supramolecular host in a way that it is close to the cavity and has 
limited degrees of rotational freedom.  Ideally, preorganization keeps the donor fixed in an 
orientation that displays the hydrogen towards the cavity.  Polyamide cyclophane 10, for 
instance, has been shown by Anslyn and co-workers to form a rigid cage with its amides being 
preorganized by the adjacent pyridine nitrogen atoms via intramolecular hydrogen bonds.59  
While the association constants of this host and anionic guests are comparably small and highly 
dependent on the solvent – after all, hydrogen bonding is weaker than ionic interactions and 
polar and especially protic solvents can strongly compete for the hydrogen bond donors – a 
very high selectivity was observed for anions with trigonal shape like acetate (Ka = 770 M–1) 
or nitrate (Ka = 330 M–1) over spherical anions like chloride (Ka = 40 M–1) or bromide 
(Ka < 15 M–1, all values for 25% DCM in MeCN as solvent).  One chloride anion cannot be 
arranged inside the cavity in a way to productively interact with more than two hydrogen bond 
donors, as highlighted by the crystal structure of the monochloride monohydrate complex of 10 
(Figure 9B).  In contrast, the stronger binding of acetate was attributed to each of the oxygen 
atoms of the anion being bound via hydrogen bonds by two amide protons (Figure 9C). 
 
Figure 9.  (A) Chemical structure of polyamide host 10.  (B) Crystal structure of 10•H2O•Cl–.  (C) Crystal 
structure of the inclusion complex of 10 and acetate.59 
A key insight from the examples shown in the previous two chapters is that, regardless of the 
class of host and guest, complementarity between those two compounds does not need to be 
achieved by just one factor but is the result of the interplay of several effects including fitting 
size and shape, but also different electrostatic forces both stabilizing and destabilizing the 
desired complex, proper orientation of binding moieties as well as their preorganization.  
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Therefore, a general, but not exhaustive ruleset in supramolecular chemistry may be described 
such that a host, in order to strongly bind a guest, should (1) be as rigid as possible to reduce 
the tendency to fill its own cavity while still allowing for sufficient flexibility for proper guest 
accommodation, (2) have a cavity with a size and shape as closely complementary as possible 
to the guest also when unoccupied to reduce the reorganizational burden, (3) have its cavity 
empty and mostly unsolvated when not occupied by the desired guest to reduce the desolvation 
burden, (4) display functionalities that provide complementary interactions with the guest and 
(5) if applicable combine different productive modes of bonding in a synergistic fashion. 
It is noteworthy, of course, that besides the noncovalent forces described in the previous 
chapters, research has described several further important drivers of intermolecular interactions.  
Particularly aromatic systems can engage in numerous weak intermolecular interactions.  
Notably, cation-p interactions have been shown to be an important driver of molecular 
recognition, especially of alkylammonium cations, in both biological and artificial systems due 
to the relative abundance of electron-rich aromatic systems.60,61  Similarly, but less common, 
anion-p interactions can be observed when highly electron-deficient aromatic systems are 
located in proximity to negative charges.62  Furthermore, p-stacking and (C–H)-p interactions 
are also known to contribute to binding in properly oriented systems.63,64   
 
1.2 Supramolecular Hosts in Aqueous Solution 
One major driving force of intermolecular binding and intramolecular assembly in water is the 
hydrophobic effect which is a term used for both entropy-driven and enthalpy-driven 
processes.65-67  In more detail, the "classical hydrophobic effect" is attributed to liberation of 
water molecules from a hydrophobic surface resulting in an entropic advantage, while the "non-
classical hydrophobic effect" means an increase of hydrogen bonds upon binding a guest and 
therefore an enthalpic advantage.68  For instance, protein folding and maturation is a process 
that is strongly driven by the hydrophobic effect and hydrogen bonding, e.g. in the peptide 
backbone.69,70  These major drivers of assembly lead to the three-dimensional structure that 
allows an enzyme to bind a substrate not just by one feature, but with several motifs in the 
protein to specifically interact with several features of the substrate and its surroundings.  
Although the example of protein maturation through the hydrophobic effect is strictly speaking 
a process within one molecule, it is sound to state that in aqueous solution, the hydrophobic 
effect is also a particularly important – and attractive – means to achieve binding between two 
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separate molecular entities due to many organic (sub-)structures' inherent apolar and 
hydrophilic nature.  This implication also indicates that a supramolecular host that is designed 
to display a polar, water-soluble exterior and have a hydrophobic cavity would be exceptionally 
well-suited to bind organic guests in water. 
While it should not be neglected that some of the previously described hosts are also active in 
aqueous media – chelation of both cations and anions is a process of tremendous scientific 
relevance in aqueous solution and has been observed with natural ionophores like 1 and 
supramolecular hosts71,72 – this chapter will focus more on supramolecular hosts in which 
binding of an organic guest is attributed at least in part to the hydrophobic effect.  In order to 
bind a guest strongly, the possible contact area needs to be maximized in the host; therefore, an 
ideal host has a negative curvature.  In such a concave host structure designed to bind a guest 
inside its hydrophobic cavity, the non-classical hydrophobic effect is commonly prevalent.  The 
fact that host-guest binding in such systems is enthalpy-driven can be explained with water 
molecules filling the hydrophobic cavity of the host.73  This "high energy water" cannot form 
hydrogen bonds to its full extent because of the limited freedom in the confined space and can 
be introduced into the bulk solvent upon being replaced by a guest molecule.  However, 
literature also suggests that very small hydrophobic cavities may not include water at all, which 
would mean that an internal vacuum is relieved upon guest uptake.74,75 
Several supramolecular hosts have been developed and showcase a vast variety in skeletons 
and shapes.  Cyclodextrins (CD) are conocal-toroidally shaped hosts that consist of 6, 7 or 8 
glucose (a- , b- and g-CD: 11, 12 and 13, Figure 10A) with relatively large cavities and well-
solubilizing alcohol and acetal functionalities.76  These skeletons have found application in 
areas ranging from biomedicine, nanotechnology, food and fragrance industry, and chemical 
catalysis.77,78  The catalytic properties of CDs were found very early and studied 
extensively;79,80 already in 1969, for instance, Breslow and co-workers showed that the 
inherently low para/ortho-selectivity of the chlorination of anisole (14) can be dramatically 
increased by adding 11 to the reaction mixture (Figure 10B), which is the result of uptake of 14 
inside the cavity of 11 which blocks the o-positions and leaves the p-position ready to react 
with activated 11, predominantly leading to the p-chlorinated product 15 (Figure 10C).81  The 
fact that cyclodextrins are also naturally occurring structures that are formed by enzymatic 
conversion from starch and are therefore abundant may arguably be a reason for their wide-
spread application. 
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Figure 10.  (A) Chemical structures of a-CD (11), b-CD (12) and g-CD (13).  (B) The p/o selectivity of the 
chlorination of anisole (14) can be increased by using 11.  (C) Graphical depiction of the complex 11•14 with 
chlorinated cyclodextrin. 
Another group of well-studied examples of water soluble supramolecular hosts for organic 
guests are the structurally related pillar[n]arenes (like 16, n = 5, Figure 11), calix[n]arenes (like 
17, n = 4) and resorcin[n]arenes (like 18, n = 4).  While other conformations are accessible via 
flipping around the methylene linkers, hosts 17 and 18 are toroidally shaped in their relevant 
conformation; 16 adopts a more cylindrical shape in water.  The fact that the hydrophobic 
surfaces of these hosts are relatively openly accessible leads to limited applicability of the 
parent core structures in water.  However, because the hydroxy groups can serve as an easily 
modifiable anchor for solubilizing groups and the aliphatic side chains can be easily 
functionalized, the core skeletons can be used for highly diverse supramolecular hosts.  
Furthermore, the phenol and resorcinol subunits in 17 and 18, respectively, can be oriented in 
a highly directional fashion.  Therefore, derivatives with these skeletons have found wide- 
 
 
Figure 11.  Generalized chemical structures of methylene-linked oligophenol-based hosts: pillar[5]arene (16), 
calix[4]arene (17), resorcin[4]arene (18), and the deep-cavity cavitand 19. 
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spread application as amphiphilic shuttles for a wide range of guests in biological chemistry: 
suitable shuttles can both enhance solubility of highly lipophilic guests in water and facilitate 
membrane crossing of polar hydrophilic compounds.82-84  A particularly interesting class of 
such derivatives are so-called deep-cavity cavitands in which the backbone is bridged at the 
hydroxy groups by additional rigid organic walls.  For instance, cavitand 19, first developed by 
Rebek and co-workers, can exist in an open "flapped" conformation or in a vase-conformation.  
The latter conformation offers a very large cavity for organic guests.85  Encapsulating and 
confining a long-chained aliphatic guest leads to reduced levels of freedom and can lead to 
conformations that would be strongly unfavored in solution.  This mode of action has been the 
rationale for the role of 19 in facilitating reactions like macrocyclization of diamines and 
selective, one-fold hydrolysis of diesters or one fold reduction of diazides.86-88 
Additionally, it is noteworthy that hosts based on these methylene-linked oligophenols also 
form oligomeric intermolecular assemblies in nonpolar organic solvents that are kept together 
via hydrogen bonds the between phenolic hydroxy groups of the monomers.89  These 
supramolecular capsules have been shown exceptionally interesting as models for 
compartmentalized nanoreactors.  For instance, the dynamic hexameric assembly of derivatives 
18 with long alkyl chains as R in chloroform is mildly acidic and can stabilize cations inside its 
cavity.90,91  It has been shown that a mixture of hydrochloric acid and 18-C11H23 readily 
catalyzes a wide variety of reactions including, but not limited to, alkyne hydration,92 substrate 
size-selective acetal hydrolysis,93 enantioselective 1,4-reduction of aldehydes,94 a rare example 
of tail-to-head terpene cyclization95 – in contrast to the more common process of head-to-tail 
cyclization96 – and intramolecular carbonyl olefin metathesis.97  For the latter reaction, the name 
Tiefenbacher's catalyst has been proposed for 18-C11H23.98 
Another water-soluble class of macrocyclic hosts are cucurbit[n]urils (CB[n]).  These are built 
of several glycoluril subunits linked together via methylene bridges, with the most commonly 
used homologs being CB[6] (20), CB[7] (21) and CB[8] (22, Figure 12A),99 although also 
macrocycles of up to 14 glycoluril subunits have been synthesized.100  Cucurbiturils comprise 
a hydrophobic cavity with very hydrophilic entrances rimmed by the urea carbonyl groups and 
can therefore interact very strongly with both neutral organic and cationic guests.  The strong 
dipoles displayed at both entrances to the cavity make cucurbiturils, especially the small CB[6], 
a reasonably strong host for small spherical cations (Ka = 3.1•103 M–1 for 20•Na+ in water).101  
In fact, the solubility of those hosts is relatively low in pure water but can be dramatically 
increased upon addition of a suitable charged guest and formation of a charged inclusion 
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complex.102  More importantly, however, cucurbiturils have been shown to be exceptionally 
strong binders of organic compounds; the hydrophobic cavity combined with the carbonyl-
crowned rim are especially suitable for organic amines.103  Depending on the matching space 
requirements of the guest and the cavity size, binding constants of up to 1015 M–1 have been 
reported and especially CB[7] is a versatile host that is large enough to bind sterically 
demanding oligocyclic or ferrocene-based guests.104  The crystal structure of the inclusion 
complex of CB[7] and adamantane-derived guest 23 highlights the complementarity of the 
host's cavity and the guest's shape (Figure 12B).105  
 
Figure 12.  (A) General structure of cucurbiturils and three-dimensional representations of CB[5] (20), CB[6] 
(21) and CB[7] (22).  (B) Crystal structure of the inclusion complex of 21•23.105 
The outstanding features of cucurbiturils has led to numerous fields of application.106  For 
instance, both CB[6] and CB[7] have been employed as switches in molecular machines.  Their 
favored binding of cationic/hydrophobic amphiphilic guests over anionic guests together with 
facile protonation/deprotonation of organic amines or carboxylic acids under comparably mild 
conditions make cucurbiturils excellent pH-driven switches in rotaxane-like constructs.107  
Similarly, rotaxane-like systems can also be switched between states via affecting charge states 
of redox-active moieties like ferrocenes or viologens by electrochemical means in conjunction 
with cucurbiturils, capitalizing on the very strong binding uncharged ferrocene compared to 
cationic ferrocenium inside the hydrophobic cavity (Figure 13A).108,109  Furthermore, larger 
cucurbiturils can accommodate more than one guest and are known to act as catalysts for certain 
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reactions; locating two reactants in very close proximity in the confined space of the cavity – 
leading to a very high local concentration – can facilitate reactions that would not be as feasible 
in solution.110  For instance, (E)-diaminostilbene (24) isomerizes in solution to its (Z)-isomer 
25 upon irradiation with UV light.  However, Kim and co-workers showed that [2+2]-
photocycloaddition is taking place between two guest molecules inside the host instead when 
CB[8] is added to the reaction mixture.  Under proper reactions conditions, this leads to the 
isomeric products 26 and 27 with 82% yield and a syn/anti selectivity of 19/1 (Figure 13C).111  
Furthermore, the family of cucurbiturils has also found application as dynamic cross-linkers or 
in dynamic co-polymers and hydrogels,112-115 in dye tuning,116 and analytical chemistry.117   
 
Figure 13.  Concept of a pH-driven (A) or electrochemically driven (B) switchable cucurbituril based rotaxane-
like machine.  (C) [2+2] photocycloaddition of 24 inside CB[8] gives the syn-product 26 in very high yield and 
selectivity over the anti-isomer 27 or the photoisomerization product 25.111  Fc: ferrocenyl.  Fc+: ferrocenium. 
Importantly, cucurbituril host-guest chemistry has been a topic of high interest in biomedical 
research for the recent decade.118,119  Due to their very strong binding towards organic guest 
molecules, formation of inclusion complexes of pharmaceutically active compounds with 
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cucurbituril hosts can alter the physicochemical and biomedical properties of such compounds.  
Besides binding small molecules as guests, biological activity can also arise from direct 
interaction with biomacromolecules.120  For instance, CB[7] can very selectively bind cationic 
moieties like methylated lysine and arginine, but also aromatic moieties like tyrosine displayed 
on the surface of proteins, which is a mode of action that can have profound effects on the 
activity of the bound protein.121 Besides other targets, such binding has been reported for 
insulin, in which complexation of the N-terminal phenylalanine by CB[7] leads to a substantial 
conformational shift (Figure 15A).122  Similarly, the more spacious cavity of CB[8] can 
accommodate two suitable guest moieties which has set the foundation to use CB[8] as a 
supramolecular facilitator of protein oligomerization and of linkage of separate recognition sites 
(Figure 15B).123-125 
 
Figure 14.  (A) Crystal structure of the complex of insulin and CB[7]; PDB entry 
3Q6E.122  (B) Crystal structure of the CB[8]-mediated assembly of the dimeric 
14-3-3 adapter protein, an FGG-tagged estrogen receptor a and another FGG tag 
as an exemplary binding partner; PDB entry 5N10.126  
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  18 
1.3 Molecular Tweezers 
In contrast to cyclic hosts, the class of molecular tweezers, as Whitlock first called them, is 
characterized by an acyclic skeleton.127  Much like the correlation between coronands and 
podands described previously, such a concept brings the inherent advantage that the synthesis 
of an acyclic framework is considerably less challenging than the synthesis of a macrocyclic 
skeleton.  Differing names have been established over time: Rebek defined the term "molecular 
cleft" as a rigid receptor with convergent functional groups separated by a spacer;128 Klärner 
and Nolte described the additional term "molecular clips" as hosts with flat aromatic sidewalls 
which is not necessarily the case for tweezers.129  Despite differing names, these hosts share 
general structural features; therefore, molecular tweezers (as a general term) can be described 
as molecular receptors with an open cavity rimmed by two binding sites for guest recognition 
that are connected but kept apart from each other by a spacer.  Several such tweezers have been 
developed and found wide-spread application, capitalizing on the hydrophobic effect and a 
nonpolar cavity when used in aqueous solution in conjunction with forces as diverse hydrogen-
bonding, p-stacking, metal coordination and/or electrostatic forces.130,131 
The general structural architecture is exemplified well by the eponymous tweezer 28 developed 
ad named that way by Whitlock and co-workers – although it may be described more precisely 
as a clip under today's nomenclature.127  They argued that the diyne spacer not only prevents 
self-association of the caffeine tips but also defines a distance of approx. 7 Å between the 
aromatic walls.  This cavity is sufficiently large to accommodate aromatic guests like 2,6-
dihydroxybenzoic acid (29) that can stack between the caffeine tips (Figure 15A).  They 
recognized that the methylene linkers between the diyne spacer and the tips allowed for a high 
degree of freedom, which implies that a key property of a strongly binding supramolecular host, 
is missing in 28: without the constraints of a macrocyclic structure, the framework can be far 
more flexible leading to a strong reorganization burden being put on the system which impedes 
the binding efficiency.  Nonetheless, the high association constant for 28•29 (Ka = 2.2•104 M-1, 
determined by phase partitioning between dichloroethane and aqeuous buffer) is a testament to 
the very strong p-stacking in this host-guest complex.  To mitigate the reorganization burden 
on the system, there are numerous examples of molecular tweezers with very rigid spacers, e.g. 
by using bicyclic or fused ring systems, that effectively fixate the binding sites at the tips.130  
Furthermore, stimuli-responsive spacers that can be conformationally transformed to obtain the 
active tweezer from a relaxed ground state by means of changing the pH, electrochemical 
stimuli or irradiation have been reported (Figure 15B).132 
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Figure 15.  (A) Whitlock's tweezer 28 and its binding to the guest 29 exemplifies the general 
features of a molecular tweezer with flexible spacer.  (B) Concept representation of different 
kinds of tweezer spacers.  IS: interaction site, S: spacer, G: guest. 
 
1.3.1 Spacer Design in Molecular Tweezers 
It is noteworthy that a lot of research into molecular tweezers has been done in organic solvent 
and is therefore designed in a way that limits these molecules' direct translation to aqueous 
media due to e.g. poor solubility, host aggregation or weak host-guest interactions in water.  
However, the outstanding contributions to the field of molecular tweezers in organic solvent 
have directly set the stage for the development of some very powerful hosts capable of strong 
interactions with a broad scope of guests in aqueous solution.  The understanding of proper 
spacer design, for instance, has been fundamental to molecular tweezers regardless of the 
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solvent.  As described for Whitlock's tweezer 28, a high level of flexibility in the spacer is 
generally not ideal for strong interaction because of the reorganization burden put on the 
system.  But this flexibility also offers advantages: while a tweezer with a rigid spacer may bind 
very strongly to an optimally complementary guest, the scope of guests that bind perfectly will 
be narrow; a flexible spacer allows for multiple slight variations of conformations and therefore 
renders the host more capable of adapting to a broader variety of guest molecules.  In analogy 
to the old concepts of "lock & key" and "induced fit" to describe substrate binding of enzymes, 
a more flexible spacer allows for an "induced fit"-like binding in contrast to the more "lock & 
key"-like binding in very rigid systems.132  Besides frameworks linked by simple alkyl chains 
or similar structures like 28 or the electron-deficient host 30, highly flexible molecular tweezers 
often comprise central units in which the rotation of the tips is not locked, like e.g. in amide-
linked and pyrene-tipped tweezer 31 or ester-linked 32 with extended tetrathiafulvene tips 
(Figure 16).133-136  Non-bridged oligocyclic frameworks like in 33 or 34 provide a more rigid 
spacer but still allow for substantial conformational freedom.137,138 
 
Figure 16.  Examples for molecular tweezers with flexible spacers. 
Another important class of molecular tweezers has been established by Nolte and co-workers 
on the basis of glycoluril.139  Similar to 33 and 34, such hosts, exemplified by 35, maintain 
some degree of flexibility because they can flip around the methylene bridges, which is 
modulated both by the size of substituents at the tips and at the backbone of the glycoluril 
spacer.  The phenyl group at the glycoluril backbone is sufficient to favor the clip-like 
conformation (Figure 17A).140,141 Since such clips are highly modular which allows for a 
streamlined synthesis, numerous derivatives have been synthesized and investigated, with tips 
as diverse as in 36, asymmetrically tipped 37 (Figure 17B) or the deep-cavity clip 38 designed 
by Isaacs and co-workers (Figure 17C).142-144 
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Figure 17.  (A) The phenyl groups located at the glycoluril backbone lead to the clip-like conformation 
being favored in Nolte's clip 35.  (B) Examples of further glycoluril-derived clips.  (C) Deep-cavity clip 
38.144 
A prominent example of tweezers with rigid spacers is the fused-ring system 39 described by 
Zimmerman and co-workers in which the shape of the cavity can be modulated via rotation of 
the aromatic tips (Figure 18A).145  Further studies showed that by rigidifying the system, as 
exemplified by 40 in which the added methoxy groups impede rotation of the acridine tips, 
binding of the flat aromatic guest 2,4,7-trinitrofluorenone (41, TNF) inside the cavity of approx. 
7 Å could be improved (Ka = 123 M–1 and 475 M–1 in CDCl3 for 39•41 and 40•41, 
respectively).146  Other designs of rigid molecular tweezers utilized fused cyclohexane spacers 
like in tweezer 42 or its water-soluble derivative 43 developed by Nemoto and co-workers,147,148 
or frameworks related to Kagan's ether or Tröger's base like Harmata's tweezer 44 or 45, which 
also allowed entry into chiral recognition by molecular tweezers.149-152  Rebek's molecular clefts 
like 46 constitute a special case in which the spacer is based in the rigid structure of Kemp's 
triacid and two different interaction sites are utilized.  Host 46 can bind adenine derivative 47 
moderately strong (Ka = 142 M–1 in CDCl3) by a combination of hydrogen bonding by the imide 
moiety of the cleft and p-stacking by the naphthalene moiety of the cleft in two different modes 
(Figure 18B).153,154 
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Figure 18.  (A) Examples of molecular tweezers with rigid spacers: Zimmerman's tweezers 39 & 40 that 
are suitable hosts for flat aromatic guests like 41, Nemoto's tweezer 42 and the water-soluble derivative 
thereof, 43, Harmata's oxabicyclic chiral tweezer 44 and diazabicyclic Tröger base-related tweezer 45.  
(B) Rebek's molecular cleft 46 can bind adenine derivative 47 in two orientations via a combination of 
p-stacking and hydrogen bonding. 
Another highly important class of rigid frameworks are bicyclic hydrocarbon-bridged clips like 
48–50, the more tweezer-like clip 51, and tweezers like 52 and 53 introduced by Klärner that 
showcase the same concept to achieve the construction of a rigid spacer (Figure 19A).155,156  
Importantly, while these clips are constructed with an apparently very rigid carbon skeleton, 
they are indeed flexible to some extent.  The comparison of the crystal structures of pure 48 
(R = OMe) and of its complex with p-dinitrobenzene (54, DNB) show that the distance between 
the tips of approx. 10 Å in the unbound host is reduced to approx. 7.6 Å in the host-guest 
complex and the electron-deficient guest is indeed clipped between the electron-rich sidewalls 
of the host, hence the name molecular clip (Figure 19B).155  In contrast to planar p-stacking 
with the aromatic tips, crystal structures indicate that guest complexation inside the belt-like 
and almost macrocyclic tweezers 52 and 53 (R = H) is a result of interaction with the central 
aromatic unit (Figure 19C), which explains why 53 is binding the electron-deficient guest 
TCNQ (55) much stronger than 52, in which this guest cannot stack with the central benzene 
ring (Ka = 1.1•103 M–1 and > 105 M–1 in CDCl3 for 52•55 and 53•55, respectively).157 
N
R
R
N
N
R
R
39 (R = H)
40 (R = OMe)
O
O2N
O2N
NO2
41
O
O
O
O O
N
O
N
NH2+
NH2
N
N
NH2+
NH2
OO
N
NN
N
O
O
42
43
44 45
NHO
N
N
N
N
H
N O
O
NH
Et
Et
N
H
N
N
N
N
A)
B)
N
NN
N
Et
NH
46
47
NHOHN O
O NHOHN O
O
  23 
 
Figure 19.  (A) Exemplary chemical structures of frameworks for molecular clips 48, 49 and 
50, tweezer-like clip 51 and tweezers 52 and 53.  Guest molecules 54 and 55.  (B) Crystal 
structures of unbound 48-H and of the complex 48-OMe•54.155  (C) Crystal structures of 
52-H•55 and 53-H•55.157 
Typical frameworks for stimuli-responsive tweezers comprise a basic, e.g. pyridine-derived, 
spacer that can both be protonated or coordinate a metal center.  When such a spacer is 
combined with flexibly attached suitable tips that display some Lewis basic functional groups, 
activity can be switched on or off by changing the pH or adding certain salts.  For instance, 
tweezer 56 can be switched from its inactive form at low pH to its active form upon increasing 
the pH because the pyridine spacer and the methoxy groups at the flexible joints can form a 
strong hydrogen bonding network with protons (Figure 20A).158  Ion-responsive tweezers have 
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been achieved with structurally closely related frameworks and with the active/inactive switch 
working both ways: while the stimulus by adding copper(I) tetrafluoroborate to the solution 
triggers a conformational change towards the inactive species in Lehn's pyrimidine-linked 
tweezer 57 via bidentate coordination of the Cu(I) ion, the contrary effect occurs in terpyridine-
linked tweezer 58 occurs upon coordination of Zn(II) ions (Figure 20B).159   
 
Figure 20.  Examples for stimulus-responsive molecular tweezers.  (A) pH 
responsive tweezer 56.  (B) ion responsive "off"-switch 57 and related "on"-
switch 58. 
 
1.3.2 Water-Soluble Molecular Tweezers 
A common strategy for transitioning a supramolecular host system from organic solvent to 
aqueous solution is decorating the framework with solubilizing, polar functional groups.  While 
different groups are conceivable for this purpose, a prime example for successful 
implementation of this strategy are the decoration of clip 48 and tweezer 52 with strongly acidic 
groups by Klärner, Schrader and co-workers.160,161  They found that the phosphonate-
substituted clip 59 as well as the phosphate-substituted clip 60 constitute strong and highly 
selective receptors for electron-deficient aromatic guests.   In addition to p-stacking of flat 
aromatic guests between the sidewalls, the authors attributed the strong affinity to a 
combination of hydrophobic effect, (C–H)-p interactions and cation-p interactions (Figure 21).  
While more electron-rich systems with less delocalized charges like protonated anilines, 
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benzylamines or alkylamines do not bind to 59, N-alkylpyridinium cations like 
N-methylnicotinamide 61 interact very strongly with the host.  The common effect that the 
binding efficiency decreases with increased buffer/salt concentration was observed for this 
equilibrium (Ka = 8.30•104 M–1 and 1.13 104 M–1 for 59•61 in pure D2O and 70 mM phosphate 
buffer at pD 7.2, respectively).  However, even the slightly lower binding constant in buffered 
solution still showcases how tightly the host-guest complex is binding.161  Several biologically 
relevant targets that are structurally related to 61 are also binding to 59 strongly, including 
nicotinamide adenine dinucleotide and its phosphorylated derivative (NAD+, 62 and NADP+, 
63), S-adenosylmethionine (AdoMet, 64) and thiamine (65).162  It was also found that the 
bisphosphate clip 60 was an even more potent host, at least towards binding 61 
(Ka = 3.38 104 M–1 in 70 mM phosphate buffer at pD 7.2).161  The capacity of those clips to 
bind the natural oxidants NAD+ and NADP+ was also utilized in biological context: especially 
the strongly binding bisphosphate 60 can shut down the enzymatic activity of a broad scope of 
nucleotide-dependant dehydrogenases including crucial metabolic drivers like G6PD, FDH and 
GAPDH and to some extent also ADH and GDH.163,164  This is effected by a dual inhibition 
both via depleting the level of free cofactor and likely also by nonspecifically binding to enzyme 
surfaces close to the conserved nucleotide-binding Rossmann fold in dehydrogenase 
enzymes,165 effectively occupying the cofactor and/or substrate binding sites. 
 
Figure 21.  (A) Bisphosphonate clip 59 and bisphosphate clip 60 and strongly binding guest molecules 61-65.  
(B) Energy-optimized structure of 60•61 based on the PM3 semi-empirical method. 
The same approach of solubilizing the general tweezer framework of 52 is arguably an even 
more astounding story of success.  The bisphosphonate tweezer 66 is only a moderately strong 
binder of simple alkylammonium salts in aqueous solution.  However, Klärner & Schrader 
realized that the association constants of 66 with lysine derivatives and lysine-containing 
peptides were high, arguably because both the e-amino group and the amine or amide in a-
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position can interact with the tweezer's anionic groups.166,167  This can be interpreted as a result 
of hydrophobic effects, hydrogen bonding between the amide N–H and the phosphonate of the 
tweezer and strong ionic interactions between the primary ammonium group of the guest and 
the other phosphonate of the tweezer (Figure 22A & B).167  In a comparative study, the authors 
were investigating several solvating groups and found that both bissulfate 67 and bisphosphate 
68 provided even stronger binding to Ac-Lys-OMe (69, Ka = 1.47•104 M–1, 3.57•104 M–1, and 
5.88•104 M–1 in 200 mM phosphate buffer at pH 7.6 for 66•69, 67•69, and 68•69, respectively).  
Besides lysine derivatives, also arginine proved to bear a suitable guest moiety as exemplified 
by Ac-Arg-OMe (70, Ka = 1.66•104 M–1 for in 200 mM phosphate buffer at pH 7.6 for 68•70) 
and a general trend was observed that the bisphosphate is the strongest binder of such basic 
aminoacid derivatives.166  Other solubilizing functional groups like esters, carboxylates or free 
phenols gave rise to less effective tweezer derivatives. 
 
Figure 22.  (A) Bisphosphonate tweezer 66, bissulfate tweezer 67 and bisphosphate tweezer 68 and strongly 
binding guests Ac-Lys-OMe (69) and Ac-Arg-OMe (70).  (B) Energy-optimized structure of 68•69 based on the 
PM3 semi-empirical method.  (C) Tweezer 68 binds to a lysine moiety of the 14-3-3 adapter protein.168,169  (D) 
Tweezer 68 binds to both a lysine and arginine moiety and facilitates the interaction of 14-3-3 and CDc25C 
protein.170 
It was also shown that by binding to accessible lysine and arginine moieties, tweezer 68 engages 
with protein surfaces, which has found application towards highly diverse effects.  For instance, 
68 was used to interfere with binding between the 14-3-3 adapter protein and interaction partner 
proteins C-Raf and ExoS by binding to a single lysine moiety that is crucial in binding these 
A)
C)
O
R
O
R
66: R = P(O)(Me)OH
67: R = SO3H
68: R = PO3H2
N
H
CO2Me
O
NH2
N
H
CO2Me
O
HN
H2N NH
69 70
B)
D)
  27 
partner proteins (Figure 22C).168,169  In contrast, 68 has also been shown to stabilize the 
intrinsically disordered CDc25C signaling phosphatase which facilitates the interaction with 
the 14-3-3 adapter protein.  Notably, 68 is binding both an exposed lysine and an arginine 
moiety (Figure 22D).170  The capacity of tweezer 68 to bind to protein surfaces has also been 
strongly utilized in the context of pathologic protein aggregation and misfolding as well as 
dissolving existing toxic b-sheets in aggregates.171-173  Effectively functioning as an amyloid 
self-assembly inhibitor, recent studies suggest that it may therefore act as a possible agent 
against the neurodegenerative diseases linked to this phenomenon, including Parkinson's 
disease, Alzheimer's disease, Huntington's disease, familial amyloidotic polyneuropathy, 
desmin-related cardiomyopathy and lysosomal storage disease.174-179  Since it is known that 
amyloid fibrils in semen enhance HIV infection,180,181 68 was also shown to impede this 
process, but was found to exert additional antiviral activity by binding to lipid raft-rich regions 
with increased sphingomyelin and cholesterol levels (which are enriched in viral 
membranes),182 resulting in disruption of the lipid envelope of the virus.183 The same molecular 
mode of action of 68 has also led to studies that found it active against zikavirus and ebolavirus 
and argued that this compound may very likely also be active against other enveloped virus 
strains as diverse as HSV, coronaviruses causing SARS and MERS and influenza virus.184 
Besides some endeavors into monotopic tweezers in which one phosphate remains unchanged 
while different functional units have been introduced at the other phenol of the framework,185,186 
also a unified synthetic approach has been presented that allows broad access to derivatives of 
the phosphate tweezer 68 that are phosphoesterified with additional functional handles.187  
However, except for some examples of derivatizing the tips of an apolar derivative of clip 48,188 
studies towards broad derivatization have been limited to the phenol groups at the spacer.  This 
may, to some extent, be attributed to the challenging synthesis of the framework of the tweezer 
(Scheme 1).166,167  A sequence of Diels-Alder reaction and oxidation of the product, followed 
by an acetyl protection of the phenols, smoothly converts cyclopentadiene (71) and 
benzoquinone (72, acting as both building block and oxidant of the Diels-Alder product) to the 
building block of the spacer, 73. However, preparation of the building block for the tips from 
indene (74) is step-intensive, low-yielding and utilizes harsh conditions.  The "Lego"-like 
construction of the core tweezer framework 52 (R = OAc) from the building blocks 73 and 75 
is another step that necessitates high temperatures for both the Diels-Alder reaction and the 
subsequent DDQ-effected oxidation of the cyclohexene rings to aromatic systems.  From 52, 
reductive cleavage of the acetate protecting groups leads to the free phenols and 
phosphorylation yields tweezer 68.  Ultimately, while the synthesis is highly modular and 
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especially the late steps provide reasonably high yields, the very harsh conditions severely 
impede installation of additional functional handles that withstand this synthetic route and 
modifications of the framework outside the ones exemplified by 48–53, limiting the possibility 
of derivatization and determination of SAR.  This constitutes a strongly appealing challenge 
given the exceptionally interesting physicochemical and biological properties of 68. 
 
Scheme 1.  Synthesis of bisphosphate tweezer 68. DMAP: 4-dimethylaminopyridine, DDQ: 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone. 
A tweezer framework that was also first reported in the early 2000's and adopts a highly similar 
three-dimensional structure in solution is a derivative of the previously shown glycoluril-based 
clips: Isaacs and co-workers found that tweezer 76 shows binding properties very similar to 
CB[6], albeit weaker due to the reduced preorganization prevalent in a non-macrocyclic host 
(Figure 23A).189  In consequence, they have called 76 a congener of cucurbiturils that binds 
guest molecules by a comparable dual mode of hydrophobic effect inside its cavity and ion-
dipole interactions or hydrogen bonding with the carbonyl groups at the rim of its interactions 
sites.  Interestingly, the reduction of strength in binding organic diamine species compare to 
CB[6] is lower than when comparing association constants in other macrocyclic/acyclic 
congener pairs like coronands and podands.190,191  For instance, CB[6] only binds to pentanedi-
ammonium (77) better than 76 by less than a factor of 103 (Ka = 5.96•103 M–1 and 2.44•106 M-1 
in 5 mM phosphate buffer at pD 7.4 for 76•77 and CB[6]•77, respectively).  One structural 
difference between 76 and 68 is that no charged group of the host is directly involved with 
binding a guest inside the cavity – the carboxylates are pointing away from the cavity.  More 
importantly, however, 76 is more flexible because the rigid aromatic and glycoluril units are 
linked by methylene bridges and therefore a similar phenomenon as shown in Figure 17A can 
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be observed.  With four pairs of methylene bridges, ten different conformers are possible in 
principle, defining the correlation between the units that are linked by the methylene groups 
either as syn (s, when the substituent at the glycoluril backbone and the aromatic unit are 
oriented towards each other) or anti (a, when they are oriented away from each other).192 
 
Figure 23.  (A) Isaacs' glycoluril-derived tweezer 76 adopts a tweezer-like conformation in solution and can 
strongly binds diammonium species like 77.  (B) Theoretically, 76 can adopt 10 overall conformational 
orientations by flip around the methylene linkers.  The crystal structure of the related tweezer 78 indicates the 
a,s,a,a conformation.  (C) triglycoluril-spaced and triptycyl-tipped host 79 with solubilizing sulfonate groups and 
tetraglycoluril-spaced host 80 with solubilizing carboxylic acid groups. 
Calculations indicated that the desired tweezer-shaped all-anti conformation is the preferred 
one, although the crystal structure of the tetra(ethylester) derivative 78 highlights that other 
conformations are indeed accessible (Figure 23B).  Ultimately, the high flexibility caused by 
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the methylene bridges renders 76 a much more adaptable host than the rigid frameworks of 
tweezer 68 or clip 60, which allows for accommodating several differently shaped guest 
molecules.  Besides 76, the concept of using several glycoluril linkers (ranging from one unit 
for the traditional clips to four for very large hosts) to construct molecular tweezers has led to 
a broad scope of different hosts, which is a testament to their convenient, adaptable and modular 
synthesis.  Numerous different substituents at the backbone of the glycoluril unit can be readily 
obtained; several solubilizing groups at the aromatic tip have been investigated, including 
carboxylates, sulfonates, amides, alcohols and ammonium cations, and different aromatic tips 
including phenyl, naphthyl and triptycyl tips have been attached to frameworks of varying 
numbers of glycoluril units (Figure 23C shows just two select examples highlighting the sheer 
variety of published hosts).193-197 
Glycoluril-based molecular tweezers have found wide-spread possible fields of biological 
application,198 including binding small molecules as diverse as basic and aromatic amino acid 
derivatives,199 dyeing agents,200 anaesthetics201,202 and nucleotides like ATP in solution,203 or 
solubilizing apolar drugs.204-206  However, further investigations into glycoluril-derived 
tweezers based on the framework with a central aromatic unit like in 76 remain pending.  This 
is surprising given its straight-forward as well as adaptable synthesis and the fact that the aminal 
functionalities in directly methylene-linked glycoluril units as, for instance, in 80 render such 
hosts inherently more prone to hydrolysis than the framework of 76.  Furthermore, interactions 
of 76 with certain guests are strong even without strong ionic interactions and relying solely on 
the hydrophobic effect and the dipoles of the carbonyl and ether functionalities at the rim of the 
tweezer.  The assumption that installation of charged groups like phosphates in the proper 
positions – as has been established as the most desirable modification in the case of Klärner's 
& Schrader's tweezer 68 – might further improve binding to cationic guests like 
alkylammonium species appears very reasonable.  The cavity of the molecular tweezer 76 
resembles the one of 68 very closely in shape and diameter although differences in depth and 
electrostatic surface potential are conveyed by the glycoluril linker units.  Considering the 
advantages of 76 with regards to flexibility of the host, facile synthesis and ample possibilities 
for derivatization compared to the very successful yet challenging to optimize tweezer 68, in-
depth investigation and optimization of a supramolecular host based on the framework of 76 is 
a strongly appealing challenge and might lead to a novel platform for supramolecular hosts that 
can be tailor-made for their desired application.  
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2 Objective of this Thesis 
Molecular tweezer 68 has shown unprecedented efficacy in numerous fields of application, is 
an interesting candidate for treatment of several diseases linked to protein aggregation and is 
highly selective for lysine and arginine moieties, but the mere fact that it is interacting with a 
highly diverse array of targets suggests that it is somewhat promiscuous which may infer side 
effects in complex biological systems.  The carbon skeleton and the harsh conditions necessary 
in its synthesis also do not easily allow for derivatization towards an in-depth assessment of 
SAR. 
Although it is similarly shaped and initial results were promising, little research has been done 
on derivatizing tweezer 76.  Our interest into this framework was caused by the realization that, 
based on the hypothesis of sufficiently strong binding to a substrate, a suitably "equipped" host 
with reactive substituents could be used to selectively modify a target, potentially even on the 
surface of a protein.  This guided our work towards developing a modular synthesis that would 
in principle allow for facile derivatization at four different positions of the general framework 
in the symmetric case and up to 14 different positions in the asymmetric case.  In this work, the 
goal was developing a modular and mild synthetic route towards a phosphorylated tweezer 81 
that would allow for combining differently-derivatized building blocks in a straight-forward 
fashion, obtaining a proof of concept by assessing such hosts' capability for molecular 
recognition of organic (di)amines and to obtain initial insights into their SAR and possible 
application in organic catalysis (Figure 24). 
 
Figure 24.  Retrosynthetic analysis for the general framework of tweezer 81.  
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3 Results and Discussion 
3.1 Publication Summaries 
The following pages of this chapter function as a short summary of the publications that were 
prepared over the course of these PhD studies. 
3.1.1 Synthesis of Lactones via C–H Functionalization of Nonactivated C(sp3)–H Bonds 
 
Figure 25.  (A) General depiction of the process for forming lactone 89 from carboxylic acid 85.  (B) Select examples 
of lactones synthesized by this process. 
The first publication stems from an early phase of the PhD studies leading to this thesis.  During 
this early phase, the major topic was C–H functionalization with the envisioned goal to apply 
the newly developed methods in total synthesis.  Therefore, this publication is largely 
independent of the general topic of this dissertation and discussed in more detail in the 
monograph "Studies towards the Synthesis and Biological Activity of Illicium Sesquiterpenoids 
via C–H Functionalization" by Dr. Johannes Richers.  In brief summary, we have developed a 
step-wise procedure to form lactones from carboxylic acids via C–H functionalization.  In the 
first step, a carboxylic acid (85) is converted into an amide which is then brominated into an N-
bromoamide (86) using the highly reactive reagent acetyl hypobromite.  Irradiation with visible 
light using standard household LEDs facilitates homolysis of the N–Br bond and the resultant 
amidyl radical undergoes a Hofmann-Löffler-Freytag-like 1,5-hydrogen atom transfer (HAT).  
This leads to an alkyl radical which can intermolecularly recombine with a suitable halogen 
source like carbon tetrabromide, generating the g-bromoamide (87).  Silver(I)-mediated halide 
abstraction and intramolecular interception of the carbocation by the amide leads to 
iminolactone 88 which yields the lactone 89 upon hydrolysis (Figure 25A).  Several different 
stabilizing groups for the amidyl radical were investigated and the electron deficient 
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trifluoroethyl group was found to be the most efficient.  Tertiary, secondary and primary C–H 
bonds could be functionalized with this method and the method proved to be tolerating a broad 
scope of functional groups (Figure 25B).  We could show that the general scope is very broad, 
however, no reactivity was observed with a-quaternary carboxylic acids.   
 
3.1.2 A Modular Phosphorylated Glycoluril-Derived Molecular Tweezer for Potent 
Binding of Aliphatic Diamines 
In a first attempt to validate the feasibility of a phosphorylated tweezer with the general 
structure 81, we decided to synthesize the host 90 because it is reasonably close to the 
previously reported tweezer 78 and calculations suggested that binding an alkanediammonium 
species like 91 should be feasible (Figure 26). 
 
Figure 26.  Contextualization of molecular tweezer 90 within the general framework of 81 and 
energy-optimized structure of the complex of deprotonated 90 and the hexanediammonium 
cation from dihydrochloride 91 based on the PM6 semi-empirical method.  Pi: PO3H2. 
However, attempts of deprotecting the tetramethylether 78 were not successful after a 
considerable amount of experimentation.  This led to an investigation of suitable protecting 
groups for the phenolic hydroxy groups and resulted in the synthetic route depicted in Scheme 
2: a sequence of tert-butyl protection of dimethylhydroquinone (92) and benzylic bromination 
gave the tip building block 93 in good overall yield.  Alkylation of glycoluril building block 94 
with one equivalent of 93 yielded 95, of which two equivalents could be coupled to spacer 
building block 96 via alkylation to furnish the complete carbon skeleton 97 in moderate yield.  
Removal of the tert-butyl ethers then gave the tetraphenolic tweezer 98, which was converted 
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into the desired tetraphosphate tweezer 90 by Atherton-Todd-like diethoxyphosphorylation 
followed ethyl phosphate cleavage. 
 
 
Scheme 2.  Synthesis of the tetraphosphate Tweezer 90.  R = CO2Et.  a) 20% Mg(ClO4)2, Boc2O, 40 °C, 
16 h, 70%.  b) AIBN, NBS, CCl4, 95 °C, 16 h, 93%.  c) 93, 94, KOtBu, DMSO, rt, 3 h, 48%.  d) KOtBu, 96, 
29%.  e) TfOH, HFIP, rt, 48 h, 94%.  f) diethyl phosphite, CCl4, NEt3, MeCN, rt, 16 h, 61%.  g) TMSBr, MeCN, 
rt, 16 h then H2O, quant..  Boc: tert-butyloxycarbonyl, AIBN: azobis-iso-butyronitrile, NBS: N-
bromosuccinimide, HFIP: hexafluoro-iso-propanol, TMS: trimethylsilyl. 
With 90 in hand, we investigated its binding properties in more detail.  We found that 90 only 
undergoes very weak self-association (Kdim = 5.07 M–1) in 70 mM phosphate buffer at pD 7.2 
and that its host-guest interactions can be readily analyzed via NMR titration while analysis via 
UV-Vis spectroscopy was not feasible.  We found a strong dependence of binding efficiency 
towards simple alkanediammonium based on the length of the alkyl chain, as shown by guests 
77, 91 and 99–106 (Figure 27).  Furthermore, the binding of 90 to 91 appeared to be relatively 
stable within a certain area of pD, with an approx. two-fold increased association constant at 
pD 4.2 and an approx. two-fold decrease at pD 10.2, both compared to the standard conditions 
at pD 7.2.  Further investigation revealed that 90 is only a moderate binder to monoammonium 
guests like 107 and that steric bulk of the guest leads to a reduced strength of binding as is 
showcased by the increasing level of N-methylation in guests 108–110.  While the C4-linked 
aromatic diamine guest 111 is forming a comparably weak complex with 90, guests with more 
suitable linker sizes like 112–114 are also strongly bound.  Due to the original premise of our 
project, we were particularly interested in the binding properties of 90 towards derivatives of 
basic amino acids but found that guest uptake of Ac-Lys-OMe (69) is very low, especially when 
comparing with the tweezer 68.166  However, this finding is supported by the other data that 
suggest that 90 engages weakly with monoamine guests and that steric bulk may reduce 
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binding.  A stronger binding between 90 and H-Lys-OMe (115) further showcases that the 
diamine motif is paramount to strong binding.  Comparison of the association constants for 
90•115 and 90•77 also suggests that the 1-methoxycarbonyl substituent that differentiates 
between 115 from 77 already imposes sufficient steric hindrance and/or electrostatic repulsion 
to substantially impede the host-guest interaction.  The deprotected derivative of 115, H-Lys-
OH (116) is a much weaker binding guest, likely due to electrostatic repulsion of the negatively 
charged carboxylate of the guest and the phosphate groups at the rim of the host. 
 
Figure 27.  Binding constants Ka of 90 and the corresponding guests (M–1) in 70 mM phosphate buffer at pD 
7.2, determined via 1H NMR titration at a constant concentration of 90.  Error for 95% statistical confidence 
generally less than ± 10%.  a) determined in 70 mM acetate buffer at pD 4.2.  b) determined in 70 mM carbonate 
buffer at pD 10.2.  c) determined at a constant concentration of 125 instead of 90.  d) determined for host 76 by 
Isaacs and co-workers via NMR titration in 5 mM phosphate buffer at pD 7.4.189  e) determined for host 68 by 
Klärner, Schrader and co-workers via UV-Vis titration in 200 mM phosphate buffer at pH 7.6.166  f) determined 
via competitive displacement titration with 114 as a competitor.  g) determined for host 59 by Klärner, Schrader 
and co-workers via NMR titration in D2O.207 
Similar trends as with the lysine guests are also observable with the arginine guests 117 and 
118 as well as with histamine (119) and histidine derivatives 120 and 121, albeit engaging with 
90 in weaker interactions than their corresponding lysine analogs.  Lastly, some biogenic 
amines were found to form complexes with 90, among those the tri-/tetraamines spermidine 
(122) and spermine (123), which bind very tightly to the host.  The comparably large aromatic 
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substances thiamine (65) and thioflavin T (124), as expected, cannot be accommodated well by 
host 90. 
In conclusion, this first example of a phosphorylated tweezer based on the general framework 
81 features unique binding properties that clearly differentiate it from hosts like 68 or 76.  The 
entrance into the cavity of 90 is sterically more congested than 68 and displays numerous 
moieties for eleectrostatic interactions.  This impedes its interaction with sterically hindered 
guests like aminoacids – effectively making it a host that is worse than 68 in that regard.  
However, the tetraphosphorylation at the tips clearly improved the binding properties of 90 
compared to 76.  This strongly suggests that ionic interactions contribute to binding in addition 
to dipole-ion interactions and/or hydrogen bonding.  The limited binding efficiency towards 
sterically demanding guests is likely due to phosphate groups rendering the entrance into the 
hydrophobic cavity relatively narrow.  Therefore, different substitution patterns and especially 
different positioning of the phosphate groups appeared highly interesting to us.  Overall, our 
results indicate a strong proof of our original concept and guided us towards the synthesis of a 
second generation of tweezers with the general structure 81. 
 
3.2 Unpublished Results 
The following pages of this chapter function as a summary of the research performed over the 
course of these PhD studies that are currently under review for publication. 
 
3.2.1 Correlation of Structure and Host-Guest Interactions in Novel Phosphorylated 
Molecular Tweezers 
Guided by our finding that tweezer 90 is binding very strongly to sterically non-demanding 
diamine guests but shows comparably weak interactions with sterically more demanding guests, 
we were interested in developing a series of hosts 126 based on the framework 81 in which the 
two R4 are substituted for phosphate groups (Figure 28A).  Such tweezers would arguably 
resemble 68 more closely with regards to the more accessible cavity of the tweezer.  We hoped 
that this would allow us to investigate the effects of the phosphate groups at this central position 
compared to the distal position in 90 and of different substitution patterns at the tips of the 
tweezer to ultimately gain a broader insight into the SAR of such systems.  For this study, we 
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chose to synthesize and investigate the following derivatives (Figure 28B): benzo-tipped 
tweezer 127 which closely resembles 68; naphtho-tipped tweezer 128 which is related to 127 
but features a larger cavity due to increased angular distortion resulting from repulsion of the 
larger tips; dimethoxybenzo-tipped tweezer 129 which shares features of both 68 and 76 in that 
it displays four methoxy groups at the tips and is phosphorylated at the central aromatic unit; 
and hexaphosphorylated tweezer 130 which serves as a chimera of 90 and 68.   
 
Figure 28.  (A) Contextualization of phosphorylation at the central aromatic spacer 
in the general framework of 81.  (B) The synthesized tweezers 126–129.  R = CO2Et. 
We wanted to utilize our previously established modular synthetic route, according to which 
the synthesis of the building blocks for the tips were either commercially available or could be 
obtained in very good yields in 2 steps at most.  The exemplary synthesis of 127 began with 
alkylation of the glycoluril building block 94 with one equivalent of o-xylylene dibromide 131, 
leading to tweezer precursor 132 (Scheme 3).  However, we found that tuning the reactivity for 
the final alkylation step with a hexasubstituted benzene electrophile was a considerable 
challenge.  Essentially regardless of the protecting group attached to the tetrabromide (including 
several alkyl, acetal, or acyl groups), numerous attempts of employing different inorganic and 
organic bases in a variety of solvents led to virtually no conversion at room temperature and 
resulted in decomposition without formation of the desired tweezer framework when heated.  
Employing different leaving groups was not successful either.  Ultimately, we found that using 
the weak base potassium carbonate and sub-stoichiometric amounts of sodium iodide led to 
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product formation, albeit in low yields.  Further optimization revealed that alkylation of 132 
with the diethoxyphosphorylated tetrabromide 133 using cesium carbonate as a base and 
tetramethylammonium iodide (TMAI) as an iodide excellently effected the construction of the 
final carbon skeletons and yielded 134 in good yield and slightly favorable diastereomeric ratio 
(d.r.) for the desired, C-shaped syn-diastereomer 134 over the undesired, S-shaped anti-
diastereomer dia-134.  Four-fold cleavage of the ethoxy protecting groups then furnished 
tweezer 127 in very good yields.  The entire synthetic sequence was readily applied to the 
different building blocks 135–137 for the desired tips to give access to the tweezers 128–130 
in yields comparable to 127. 
 
Scheme 3.  Exemplary modular synthesis of benzo-tipped tweezer 127.  R = CO2Et.  a) 131, 94, KOtBu, DMSO, 
rt, 3 h, 46%. b) 132, 133, Cs2CO3, TMAI, MeCN, 40 °C, 24 h, 43%, d.r. = 1.5/1 (134/dia-134).  c) TMSBr, MeCN, 
rt, 24 h then EtOH, 82%.  TMAI: tetramethylammonium iodide, 
After we have established that these tweezers only undergo relatively limited dimerization in 
70 mM phosphate buffer at pD 7.2 (Kdim = 32.7 M–1, 773 M–1, 624 M–1, 35.0 M–1 for 127 to 
130, respectively), we determined that they are binding simple alkanediammonium guests like 
102 in a 1:1 fashion via Job plot.  We then chose 15 guests and investigated the binding of the 
novel hosts and compared them with our previous tweezer 90 as well as with the structurally 
related tweezers 66/68 and 76 (Figure 29).  Similar to previous findings with 76 and 90, 127 
and 129 bind relatively weakly to short aliphatic monoamine compounds like propylammonium 
chloride (138), while 128 with its more spacious cavity did not show significant guest uptake.  
The stronger affinity of 130 to 138 is in good agreement with the stronger ionic interactions 
facilitated by the six phosphate moieties.  Interestingly, the binding properties of tweezers 90 
and 127–130 did not change much when we investigated the same equilibrium in unbuffered 
D2O, although we observed diminished solubility which is a phenomenon observed before.189  
We next investigated the dependency of the hosts’ affinity towards aliphatic diamine guests on 
the length of their methylene linkers.  As expected, we found moderate-length guests to be 
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optimal, the size of which suit the tweezers’ cavities most closely (C7-diammonium chloride 
102 for 127 and 129, C8-diammonium chloride 103 for the larger 128).  We were surprised, 
however, that 127–129 bind these guests weakly compared to 130 and 90.208 
 
Figure 29.  Binding constants Ka of the shown guests to the tweezers 126–129 (M–1) in 70 mM phosphate 
buffer at pD 7.2, determined via 1H NMR titration at a constant concentration of host.  Additionally, literature 
values are given for tweezers 68, 76 and 90.  Error for 95% statistical confidence generally less than ± 10% 
(see experimental data for exact values).  a) determined in pure D2O.  b) determined via competitive 
displacement titration with 114 as a competitor.  c) determined by Klärner, Schrader and co-workers via UV-
Vis titration in 200 mM phosphate buffer at pH 7.6 for host 66 (d) and host 68 (e).166  f) determined by Isaacs 
and co-workers via NMR titration in 5 mM phosphate buffer at pD 7.4.189  f) determined by us via NMR 
titration in 70 mM phosphate buffer at pD 7.2.208 
138
138 a)
101
  77
  91
102
103
104
122
112
114
124
  69
115
116
117
   
    127
    138
    208
      35.8
    247
    569
    838
    517
    240
    200
      26.2
    144
    147
    <10
      88.0
      32.1
      14.3
      
      128
      <10
      <10
      <10
        83.5
      354
      870
    1200
      831
        45.0
      103
    1750
      585
      <10
      <10
      <10
      <10
      
      129
        88.7
      275
      <10
      377
    1170
    2580
    1900
      861
        94.4
        99.2
        30.4
      175
      <10
        23.0
      <10
        14.8
 
        130
      3310
      4260
    26100
  287000
  148000
    49600
    14300
      3150
2370000 b)
    18800
    27100
        <10
          28.3
      1430
          30.8
      1260
 
  66/68 c)
    890 d)
58800 e)
47600 e)
 
        90 g)
      345
      295
  10700
122000
133000
155000
179000
  36300
388000
  33800
  21600
        54.0
      <10
    4220
        57.1
      253
 
      76 f)
    105
    724
  5960
15200
  6460
  7060
    496
  2060
related tweezers
NH3ClClH3N
n
101 (n = 4)
  77 (n = 5)
  91 (n = 6)
102 (n = 7)
103 (n = 8)
104 (n = 9)
ClH3N
138 ClH3N
H
N NH3Cl
•HCl
122
N+ N+
112
NH3Cl
ClH3N
114
• 2 Cl–
N+
S
NMe2
124
• Cl–
CO2Me
NHAc
ClH3N CO2Me
NH3Cl
ClH3N CO2H
NH3Cl
ClH3N
69 115 116
CO2Me
NH3Cl
N
H
NH2Cl
H2N
117
NN
N N N N
NN
O
O O
O
R R R R
OPO3H2
OPO3H2
NN
N N N N
NN
OR’
OR’
R’O
R’O
O
O O
O
R R R R
76 (R = CO2H; R’ = Me)
90 (R = CO2Et; R’ = PO3H2)
OR
OR
66 (R = P(O)(Me)OH
68 (R = PO3H2)
OPO3H2
OPO3H2
OMe
OMe
127
:
128 129 130
  40 
Interestingly, comparing the values for 129 and 76 suggests that the phosphates present in 129 
but missing in 76 do not increase binding.189  The fact that 129 is generally binding guests 
slightly weaker than its dephosphorylated analog 76 indicates that the phosphate groups may 
also have a destabilizing effect and lead to a slight loss of preorganizion of the tweezer, 
potentially by promoting a flip of one side of the tweezer around the methylene bridges adjacent 
to the central aryl unit, reducing the disfavoring of the non-all-anti-conformers.189  The higher 
affinity of 129 for diamine guests than of 127 and 128 can be explained with the additional 
dipoles and H-bond acceptors of the methoxy groups at the tips of the tweezer. 
While 130 proved to be a much stronger better host than 127–129, a similar observation was 
made: the additional phosphate moieties in 130 compared to 90 appeared to only offer a 
marginal contribution to the binding of simple diamine guests, although a stronger preference 
for shorter methylene linkers and reduced affinity for longer-chained guests was observed 
(maximum with C5-diammonium chloride 77 for 130 and maximum with C8-diammonium 
chloride 103 for 90).208  Furthermore, 130 displays binding of the triamine spermidine (122) 
even stronger than 90, whereas 127–129 are interacting relatively weakly with 122.  When we 
investigated (hetero-)aromatic guests, we found that the association constants for the complexes 
of 130 with p-xylylenediammonium chloride (112) and methyl viologen chloride (114) are very 
close to the values for 90.  Additionally, both 130 and 90 show no or very weak interaction with 
the sterically more demanding Thioflavin T (124).  This further suggests that the phosphate 
moieties at the central aromatic unit generally do contribute to guest binding significantly.  
Given this interpretation, we were not surprised to see relatively weak binding of 112 and 114 
with 127–129.  However, especially the values for the large aromatic guest 124 binding to host 
128 show that a more accessible, larger cavity and arguably also stronger interactions with the 
electron rich naphtho tips allow for stronger binding. 
As with our previous host 90 and due to our original objective, we were also especially 
interested in the formation of complexes of the novel tweezers and basic aminoacid derivatives.  
Very little interaction was observed between tweezer 127 and the investigated lysine derivatives 
Ac-Lys-OMe (69), H-Lys-OMe (115) and H-Lys-OH (116) as well as arginine derivative 
H-Arg-OMe (117).  These results were surprising, since the size and shape of the cavity of 127 
is very similar to that of 68, which binds lysine derivatives very tightly,166 however with one 
major structural difference between 127 and 68 being the glycoluril units.  We hypothesized 
that repulsion between the carbonyl groups and the phosphate groups could lead to a 
conformation in which the phosphate groups are oriented away from the cavity.  This, combined 
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with the steric hindrance caused by the carbonyl groups of the glycoluril linkers, can lead to a 
guest not being able to reach the phosphate groups for strong ionic interactions.  As a result, 
only interactions of the guest with the carbonyl groups and the hydrophobic effect may 
contribute to binding of the guest.  Assuming complete aryl phosphate deprotonation at the pD 
of 7.2,209 we wanted to see if the binding properties change in a more acidic solution.  A lower 
pD would theoretically allow for intramolecular hydrogen bonds between the partially 
protonated phosphate and the carbonyl groups, therefore favoring an orientation of the 
phosphate towards the cavity.  However, only minor changes were observed for titrations at 
lower pD (for 127•115: Ka = 88.0 M–1 at pD = 7.2; Ka = 141 M–1 at pD = 4.2), further 
suggesting that the influence of the phosphates on binding in this host framework is low 
regardless of the protonation state.  Similarly to 127, interactions between aminoacid-derived 
guests 69 and 115–117 and hosts 128 and 129 are weak.  This may again be explained by 
binding of cationic guests with these tweezers being attributed more to the hydrophobic effect 
and interactions with the dipoles of the glycoluril units, while strong ionic interactions with the 
phosphate moieties appear to be strongly diminished.  The binding properties of 130 towards 
these guests are very similar to those of 90, which can also be explained by the weak effect of 
the central phosphates on guest binding.  However, since in both 130 and 90 the phosphate 
groups positioned at the tweezers' tips are readily accessible, binding of aminoacid-derived 
guests is stronger than in 127–129, but not as strong as in 76, potentially due to the more narrow 
entry into their cavity. 
 
3.2.2 Experimental Details 
Experimental: All reactions with air- or moisture-sensitive substances were carried out using 
standard SCHLENK techniques with Argon (Ar 4.6) as inert gas.  Unless indicated otherwise, 
glass equipment was dried under high vacuum (10–2 mbar) at 500–600 °C using a heat gun.  
Reactions at low temperatures were either performed using cooling baths (–78 °C with dry ice 
in iso-propanol, 0 °C with ice and water). 
Analytical methods and instruments: Analytical thin-layer chromatography (TLC) was 
performed on MERCK silica gel 60 F254 glass-baked plates, which were analyzed by 
fluorescence detection with UV-light (l = 254 nm, 366 nm, [UV]) and after exposure to 
standard staining reagents and subsequent heat treatment.  The following staining solutions 
were used: Basic potassium permanganate solution [KMnO4] (9 g KMnO4, 60 g K2CO3, 15 mL 
aqueous NaOH-solution (5%) in 900 mL H2O), acidic cerium ammonium molybdate solution 
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[CAM] (40 g ammonium heptamolybdate, 1.6 g cerium sulfate in 900 mL H2O with 100 mL 
conc. H2SO4) or iodine chamber [I2].  Column Chromatographic separations were performed as 
flash chromatography with MERCK silica 60 (230–240 mesh ASTM, pore size 40–63 µm).210   
Normal-Phase HPLC was performed using binary gradients provided by two SHIMADZU 
LC-20AP pumps; a SHIMADZU SPD-20A photodiode array (PDA) and a SHIMADZU ELSD-LTII 
evaporative light scattering detector were used of real-time analysis for both analytical and 
preparative runs.  If not stated otherwise, a Kinetex® 5µm HILIC 100Å column (250 ´ 4.6 mm, 
PHENOMENEX) was used for analytical NP-HPLC and a Kinetex® 5µm HILIC 100Å column 
(250 ´ 21.2 mm, PHENOMENEX) was used for preparative NP-HPLC.  Reversed-Phase HPLC 
was performed using binary gradients provided by two SHIMADZU LC-20AT pumps; a 
SHIMADZU SPD-20A PDA and a SHIMADZU LCMS-2020 were used for real-time analysis of 
analytical runs, a SHIMADZU SPD-20A PDA was used for real-time analysis of semipreparative 
runs.  If not stated otherwise, a Shim-pack GIST 5µm C18 column (150 ´ 4.6 mm, SHIMADZU) 
was used for analytical RP-HPLC and a Shim-pack GIST 5µm C18 column (150 ´ 10.0 mm, 
PHENOMENEX) was used for preparative RP-HPLC.  HPLC retention times (tR) of compounds 
are given as obtained from analytical runs using the same eluent program as in preparative runs 
(flow adjusted to column diameter), injecting 50 µL of a ≈ 1 mg/mL solution of analyte. 
1H NMR spectra were recorded at 400 MHz or 500 MHz, using a BRUKER Ascend 400 and 
UltraShield 500 spectrometer, respectively.  13C NMR spectra were recorded at 101 MHz or 
126 MHz on a BRUKER Ascend 400 and UltraShield 500 spectrometer respectively.  31P NMR 
spectra were recorded at 202 MHz on a UltraShield 500 spectrometer.  Chemical shifts of 1H 
NMR and 13C NMR spectra (measured at 298 K) are given in ppm by using residual solvent 
signals as references (CDCl3: 7.26 ppm and 77.16 ppm, respectively; DMSO-d6: 2.50 ppm and 
39.52 ppm, respectively; MeOD: 3.31 ppm and 49.00 ppm, respectively; MeCN-d3: 1.94 ppm 
and 118.26 ppm, respectively; D2O: 4.79 ppm); chemical shifts of 31P NMR spectra are given 
in ppm, either referenced to an added 85% H3PO4 external standard (0.00 ppm) or referenced 
to a 85% H3PO4 blank measurement (0.00 ppm) if applicable.211 Coupling constants (J) are 
reported in Hertz (Hz). Standard abbreviations indicating multiplicity were used as follows: s 
(singlet), d (doublet), t (triplet), q (quartet), p (pentet), s (sextet), h (septet), m (multiplet), b 
(broad). For diastereotopic methylene groups, the protons are marked with a and b.  Apparent 
multiplets arising from overlapping signals are marked as virtual multiplets (virt). 
Infrared spectra were recorded on a BRUKER ALPHA spectrometer (attenuated total reflection, 
ATR).  Standard abbreviations indicating signal intensity were used as follows: vs (very strong), 
s (strong), m (medium), w (weak).  
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High resolution mass spectra were obtained using the electrospray ionization (ESI) technique 
on a BRUKER maXis 4G mass spectrometer. 
Melting points were recorded on a BÜCHI Melting Point M-565 apparatus in open capillary 
tubes and are uncorrected. 
 
Solvents: Anhydrous carbon tetrachloride (CCl4), dichloroethane, toluene (PhMe) were 
purchased from SIGMA-ALDRICH.  Anhydrous acetonitrile (MeCN), cyclohexane (CyH) diethyl 
ether (Et2O), dimethyl sulfoxide (DMSO), ethanol (EtOH), ethyl acetate (EA), methanol 
(MeOH) were purchased from ACROS ORGANICS. Anhydrous acetone (ac) was purchase from 
VWR. 
Solvents for extractions, flash column chromatography, filtrations and reactions under non-
anhydrous conditions were purchased from VWR.  HPLC grade solvents were used; HPLC 
grade dichloromethane (CH2Cl2) was stabilized with 0.1% amylene. 
Solvents for NMR spectrometry were purchased from CAMBRIDGE ISOTOPE LABORATORIES. 
Solutions of metalorganic reagents (e.g. n-BuLi, LiHMDS etc.) were titrated with 
menthol/1,10-phenanthroline prior to using.212 
 
Sources of Chemicals: Chemicals were used without further purification, unless stated 
otherwise.  L-(+)-arginine methyl ester dihydrochloride (H-Arg-OMe•2HCl), 2,2′-azobis(2-
methylpropionitrile) (AIBN), N-bromosuccinimide (NBS), bromotrimethylsilane (TMSBr), 
cadaverine dihydrochloride, a,a’-dibromoxylene, diethyl chlorophosphate, diethyl phosphite, 
duroquinone, heptanediamine, hydrogen chloride (HCl) solution in 1,4-dioxane, methyl iodide, 
methyl viologen dichloride hydrate, nonanediamine, octanediamine, potassium phosphate 
monobasic, sodium hydride (60% w/w suspension in mineral oil), sodium phosphate 
monobasic, tetramethylammonium iodide, triethylamine (NEt3) and zinc dust (< 10 µm) were 
purchased from SIGMA-ALDRICH.  
Acetic acid (AcOH), lithium chloride, magnesium sulfate, potassium hydroxide, sodium 
hydroxide and sodium sulfate were purchased from VWR.  
2,3-dimethylhydroquinone was purchased from COMBI-BLOCKS. 
Butanediamine dihydrochloride, 2,3-dimethylnaphthalene, L-(+)-lysine hydrochloride 
(H-Lys-OH•HCl), potassium tert-butoxide (KOtBu), spermidine trihydrochloride and 
thioflavin T were purchased from ACROS ORGANICS.  
Ac-Lys-OMe•HCl, cesium carbonate, H-Lys(Boc)-OMe•HCl and p-xylylenediamine were 
purchased from FLUOROCHEM.  
  44 
NBS used for benzylic bromination reactions was recrystallized from water following the 
standard procedure: 20 g of reagent grade NBS was dissolved in 250 mL of boiling water as 
quickly as possible and subsequently chilled with an ice bath.  The crystals formed were 
collected and washed with cold water and then dried under high vacuum to obtain white crystals 
which could be stored under argon at –20 °C for several months without negative effects on the 
benzylic bromination reactions observed.  Employing commercially available material instead 
of recrystallized NBS led to aromatic bromination. 
 
Synthesis of the Molecular Tweezers 
Tweezer 90 
 
Tweezer XXX was prepared according to procedure previously disclosed by our group.208 
1H NMR (500 MHz, DMSO-d6): δ [ppm] = 11.85 (bs, 8H), 7.27 (s, 2H), 7.14 (s, 4H), 4.82 (d, 
J = 14.9 Hz, 4H), 4.61 (d, J = 16.2 Hz, 4H), 4.47 (d, J = 14.9 Hz, 4H), 4.41 (d, J = 16.0 Hz, 
4H), 4.18 (q, J = 7.1 Hz, 4H), 3.93 (q, J = 7.1 Hz, 4H), 1.20 (t, J = 7.1 Hz, 6H), 1.09 (t, 
J = 7.1 Hz, 6H). 
13C NMR (126 MHz, DMSO-d6): δ [ppm] = 165.5 (s), 165.0 (s), 155.9 (s), 145.3 (d, 
J = 6.6 Hz), 136.7 (s), 130.2 (s), 128.5 (s), 121.3 (s), 80.5 (s), 79.0 (s), 63.5 (s), 63.2 (s), 44.2 
(s), 38.1 (s), 13.7 (s), 13.6 (s). 
The spectroscopic data matched those reported in the literature.208 
 
 
Tetraethyl (2,3,5,6-Tetramethyl-1,4-phenylene) Bis(phosphate) (139) 
 
Following a modified procedure by Fuchs for reduction of duroquinone,213 zinc dust (13.1 g, 
200 mmol, 4.0 equiv) was added to a solution of duroquinone (8.21 g, 50.0 mmol) in AcOH 
(100 mL) and the reaction mixture was stirred at 130 °C under reflux for 60 min, after which 
the yellow mixture has turned colorless.  The hot reaction mixture was filtered and the residue 
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was washed with hot AcOH (2 ´ 50 mL).  After cooling the filtrate to room temperature, the 
crystals are collected via filtration, washed with Et2O (3 ´ 50 mL) and dried under high vacuum 
to obtain tetramethylhydroquinone (6.14 g, 37.0 mmol, 74%) as white needles. 
Note: Tetramethylhydroquinone could be stored under argon in a fridge for at least 6 months 
without noticeable depreciation, but direct subsequent conversion is suggested. 
The obtained tetramethylhydroqinone (1.79 g, 10.8 mmol) was dissolved in DMF (54 mL) and 
the solution was cooled to 0 °C before NaH (60% w/w in mineral oil, 1.30 g, 32.4 mmol, 
3.0 equiv) was added.  After the formation of gas has slowed down, diethyl chlorophosphate 
(4.7 mL, 5.59 g, 32.4 mmol, 3.0 equiv) was added dropwise and the reaction mixture was 
slowly allowed to warm to room temperature and stirred for 18 h.  H2O (50 mL) was added and 
the reaction mixture was stirred at room temperature for 60 min and then extracted with ethyl 
acetate (3 ´ 50 mL).  The combined organic layers were washed with H2O (3 ´ 75 mL), LiCl 
(5% w/v, 75 mL) and brine (75 mL), dried (Na2SO4) and filtered.  After removal of the solvent 
in vacuo, the crude product was purified via flash column chromatography (100 g silica gel, 
CH2Cl2/ac = 19/1 à 9/1) to obtain bisphosphate 139 (4.06 g, 9.27 mmol, 86%) as a white solid. 
TLC: Rf = 0.20 (CH2Cl2/ac = 9/1) [UV, KMnO4]. 
M.p.: ϑm = 74–76 °C. 
IR (ATR): v (cm–1) = 2980 (w), 2932 (w), 1459 (w), 1399 (w), 1275 (s), 1240 (m), 1092 (m), 
1018 (vs), 964 (vs), 939 (vs), 823 (s), 777 (m), 743 (m), 668 (w), 596 (m), 533 (s), 506 (s), 439 
(m). 
1H NMR (500 MHz, CDCl3): δ [ppm] = 4.28–4.06 (m, 8H), 2.24 (s, 12H), 1.32 (td, J = 7.0, 
1.0 Hz, 12H). 
13C NMR (126 MHz, CDCl3): δ [ppm] = 145.1 (dd, J = 9.0, 3.2 Hz), 127.7–127.6 (m), 
64.6-64.4 (m), 16.4–16.2 (m), 14.3. 
31P NMR (202 MHz, CDCl3): δ [ppm] = -7.5 (s, 2P). 
HR-MS (ESI, 4.0 eV): calcd for C18H32O8P2Na [(M+Na)+]: 461.1465; measd: 461.1469. 
 
 
Tetraethyl (2,3,5,6-Tetrakis(bromomethyl)-1,4-phenylene) Bis(phosphate) (133)
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A flame-dried two-neck flask attached to a reflux condenser was charged with a stir bar, freshly 
recrystallized NBS (6.73 g, 37.8 mmol, 4.20 equiv), AIBN (73.9 mg, 450 µmol, 0.05 equiv) 
and 139 (3.95 g, 9.00 mmol) and then evacuated and refilled with argon three times.  CCl4 
(36 mL) was added and the reaction mixture was heated to 95 °C while stirring vigorously for 
16 h.  The reaction mixture was then cooled to room temperature and the solvent was removed 
in vacuo before CH2Cl2 (50 mL) and aq. NaOH (1 M, 50 mL) were added, followed by 
extraction of the aqueous layer with CH2Cl2 (2 ´ 50 mL).  The combined organic layers were 
washed with brine (75 mL), dried (Na2SO4) and filtered and the solvent was removed in vacuo.  
Purification via flash column chromatography (100 g silica gel, CH2Cl2/ac = 39/1 à 19/1) gave 
tetrabromide 133 (5.88 g, 7.80 mmol, 87%) as a white solid. 
TLC: Rf = 0.39 (CH2Cl2/ac = 19/1) [UV, KMnO4]. 
M.p.: ϑm = 133–134 °C. 
IR (ATR): v (cm–1) = 3066 (w), 1430 (m), 1264 (s), 1197 (m), 1151 (w), 1106 (w), 1012 (m), 
981 (vs), 868 (vs), 810 (s), 765 (s), 695 (s), 618 (m), 567 (s), 520 (vs), 499 (vs), 438 (s). 
1H NMR (500 MHz, CDCl3): δ [ppm] = 4.82 (s, 8H), 4.33–4.21 (m, 8H), 1.34 (t, J = 7.1 Hz, 
12H). 
13C NMR (126 MHz, CDCl3): δ [ppm] = 145.6 (dd, J = 8.8, 2.8 Hz), 132.5–132.4 (m), 
68.9-60.1 (m), 23.1, 17.8–15.0 (m). 
31P NMR (202 MHz, CDCl3): δ [ppm] = -6.9 (s, 2P). 
HR-MS (ESI, 4.0 eV): calcd for C18H28Br4O8P2Na [(M+Na)+]: 772.7885; measd: 772.7878. 
 
 
Diethyl 2,5-Dioxotetrahydroimidazo[4,5-d]imidazole-3a,6a(1H,4H)-dicarboxylate (94) 
 
In a well-ventilated fume hood, L-(+)-Diethyl tartrate (52 mL, 300 mmol) was added to a 
suspension of NBS (160 g, 900 mmol, 3.00 equiv) in dichloroethane (200 mL) and the reaction 
mixture was heated to 98 °C under reflux for 4 h.  The mixture was cooled to room temperature, 
Na2SO3 (45.4 g) and EtOH (60 mL) were added and the reaction mixture was stirred at room 
temperature for 1 h, after which the solvent was removed in vacuo to provide a sticky oil.  Et2O 
(300 mL) was added, the suspension was filtered and the residue was washed with Et2O 
(300 mL).  After removal of the solvent in vacuo, the residue was dissolved in PhMe (300 mL).  
Urea (45.0 g, 750 mmol, 2.50 equiv) and TFA (92 mL, 1.20 mol, 4.00 equiv) were added and 
the flask was equipped with a DEAN-STARK apparatus.  The reaction mixture was stirred 
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vigorously and heated to 130 °C for 16 h after which approx. 11 mL of H2O could be collected 
and drained in the distilling trap and a dark brownish sticky resin formed in the flask.  After 
cooling the mixture to room temperature, the supernatant was removed and the residue was 
dried in vacuo.  H2O (300 mL) was added and the mixture was heated to 80 °C for 1 h after 
which the material got dissolved entirely.  Then the mixture was cooled to 4 °C in a fridge for 
16 h and filtered.  The dark brown residue was washed copiously with cold H2O and EtOH until 
it became white and dried under high vacuum to give glycoluril 94 (40.4 g, 141 mmol, 47%) as 
a white powder.  
1H NMR (500 MHz, DMSO-d6): δ [ppm] = 8.01 (s, 4H), 4.10 (q, J = 7.1 Hz, 4H), 1.18 (t, 
J = 7.1 Hz, 6H). 
13C NMR (126 MHz, DMSO-d6): δ [ppm] = 167.3 (s), 159.5 (s), 77.8 (s), 62.0 (s), 13.8 (s). 
The spectroscopic data matched those reported in the literature.214 
 
 
1,4-Dimethoxy-2,3-dimethylbenzene (140) 
 
Following a modified procedure by Trost,215 2,3-Dimethylhydroquinone (2.76 g, 20.0 mmol) 
was added to a suspension of KOH (5.61 g, 100 mmol, 5.0 equiv) in DMSO (40 mL) and the 
reaction flask was placed in a water bath.  Iodomethane (2.7 mL, 6.25 g, 44.0 mmol, 2.2 equiv) 
was added dropwise after which the reaction mixture was stirred in the water bath at room 
temperature for 2 h.  Afterwards, NEt3 (8.4 mL, 6.07 g, 60.0 mmol, 3.0 equiv) was added 
dropwise and the reaction mixture was stirred for another 30 min before HCl (1 M, 100 mL) 
was added.  The mixture was extracted with ethyl acetate (3 ´ 100 mL) and the combined 
organic layers were washed with H2O (150 mL), LiCl (5% w/v, 150 mL) and brine (150 mL), 
dried (Na2SO4) and filtered.  After removal of the solvent in vacuo, the crude product was 
purified via flash column chromatography (100 g silica gel, CyH/EA = 39/1) to obtain ether 
140 (3.28 g, 19.7 mmol, 99%) as a white solid. 
TLC: Rf = 0.24 (Cy/Ea = 39/1) [UV, KMnO4]. 
1H NMR (500 MHz, CDCl3): δ [ppm] = 6.67 (s, 2H), 3.79 (s, 6H), 2.17 (s, 6H). 
13C NMR (126 MHz, CDCl3): δ [ppm] = 152.1 (s), 126.8 (s), 108.0 (s), 56.2 (s), 12.2 (s). 
The spectroscopic data matched those reported in the literature.215 
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2,3-Dimethyl-1,4-phenylene Tetraethyl Bis(phosphate) (141) 
 
2,3-Dimethylhydroquinone (1.38 g, 10.0 mmol) was dissolved in MeCN (50 mL) and the 
solution was cooled to 0 °C before diethyl phosphite (7.7 mL, 8.29 g, 60 mmol, 6.0 equiv), 
NEt3 (8.4 mL, 6.07 g, 60 mmol, 6.0 equiv) and CCl4 (12 mL, 18.5 g, 120 mmol, 12 equiv) were 
added.  The reaction mixture was allowed to warm to room temperature and stirred for 18 h.  
After subsequent addition of ethyl acetate (50 mL) and H2O (50 mL), the mixture was stirred 
for another hour, layers were separated and the aqueous layer was extracted with ethyl acetate 
(2 ´ 50 mL).  The combined organic layers were washed with NaOH (1 M, 75 mL), NH4Cl 
(75 mL) and brine (75 mL), dried (Na2SO4) and filtered.  The solvent was removed in vacuo 
and the crude product was purified via flash column chromatography (200 g silica gel, 
CH2Cl2/ac = 7.1) to obtain a 93% (w/w) solution of bisphosphate 141 in diethylphosphoric acid 
(4.10 g, 9.25 mmol, 93%) as a yellow oil. 
Note: Washing a solution of either the crude product or the purified product in ethyl acetate 
copiously with NaOH allowed complete removal of diethylphosphoric acid, but led to partial 
hydrolysis of the product, effectively reducing both purity and yield of the obtained product.  
Therefore, the solution obtained after flash column chromatography was subjected to the next 
synthetic step without further treatment. 
TLC: Rf = 0.16 (CH2Cl2/ac = 7/1) [UV, KMnO4]. 
IR (ATR): v (cm–1) = 2984 (w), 2911 (w), 1475 (m), 1393 (w), 1370 (w), 1272 (s), 1224 (m), 
1205 (m), 1165 (m), 1019 (vs), 934 (vs), 867 (s), 837 (s), 802 (s), 755 (m), 607 (m), 583 (m), 
491 (s). 
1H NMR (500 MHz, CDCl3): δ [ppm] = 7.11 (s, 2H), 4.20 (qdd, J = 10.2, 8.1, 3.0 Hz, 8H), 
2.22 (s, 6H), 1.34 (td, J = 7.1, 1.0 Hz, 12H). 6.76 (s, 2H), 2.14 (s, 6H), 1.33 (s, 18H). 
13C NMR (126 MHz, CDCl3): δ [ppm] = 146.0 (dd, J = 7.3, 1.8 Hz), 129.9 (dd, J = 6.7, 1.0 Hz), 
117.8 (virt. t, J = 2.4 Hz), 64.7 (d, J = 6.4 Hz), 16.3 (d, J = 6.9 Hz), 13.2 (s). 
31P NMR (202 MHz, CDCl3): δ [ppm] = -5.9 (s, 2P). 
HR-MS (ESI, 4.0 eV): calcd for C16H25O2 [(M – H)–]: 433.1152; measd: 433.1150. 
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General Procedure for Formation of Benzylic Dibromides 
2,3-Bis(bromomethyl)-1,4-dimethoxybenzene (136) 
 
A flame-dried two-neck flask attached to a reflux condenser was charged with a stir bar, freshly 
recrystallized NBS (5.61 g, 31.5 mmol, 2.10 equiv), AIBN (123 mg, 750 µmol, 0.05 equiv) and 
140 (2.49 g, 15.0 mmol) and then evacuated and refilled with argon three times.  CCl4 (30 mL) 
was added and the reaction mixture was heated to 95 °C while stirring vigorously for 16 h.  The 
reaction mixture was then cooled to room temperature and the solvent was removed in vacuo 
before CH2Cl2 (60 mL) and aq. NaOH (1 M, 60 mL) were added, followed by extraction of the 
aqueous layer with CH2Cl2 (2 ´ 60 mL).  The combined organic layers were washed with brine 
(100 mL), dried (Na2SO4) and filtered and the solvent removed in vacuo.  Purification via flash 
column chromatography (50 g silica gel, CyH/CH2Cl2 = 5/1) gave dibromide 136 (4.77 g, 
14.7 mmol, 98%) as a white solid. 
TLC: Rf = 0.21 (Cy/CH2Cl2 = 5/1) [UV, KMnO4]. 
1H NMR (500 MHz, CDCl3): δ [ppm] = 6.84 (s, 2H), 4.75 (s, 4H), 3.86 (s, 6H). 
13C NMR (126 MHz, CDCl3): δ [ppm] = 151.9 (s), 126.5 (s), 112.3 (s), 56.4 (s), 24.1 (s). 
The spectroscopic data matched those reported in the literature.216] 
 
 
2,3-Bis(bromomethyl)naphthalene (135) 
 
Prepared according to the general procedure using freshly recrystallized NBS (11.2 g, 
63.0 mmol, 2.10 equiv), AIBN (246 mg, 1.50 mmol, 0.05 equiv) and 2,3-dimethylnaphthalene 
(4.69 g, 30.0 mmol) in CCl4 (100 mL).  Purification via flash column chromatography (200 g 
silica gel, CyH/CH2Cl2 = 99/1) gave dibromide 135 (7.57 g, 24.1 mmol, 80%) as a pale yellow 
solid. 
TLC: Rf = 0.22 (Cy/CH2Cl2 = 99/1) [UV, KMnO4]. 
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1H NMR (500 MHz, CDCl3): δ [ppm] = δ 7.89 (s, 2H), 7.83 (dd, J = 6.2, 3.3 Hz, 2H), 7.54 (dd, 
J = 6.2, 3.2 Hz, 2H), 4.91 (s, 4H). 
13C NMR (126 MHz, CDCl3): δ [ppm] = 133.9 (s), 133.4 (s), 130.9 (s), 127.9 (s), 127.4 (s), 
31.2 (s). 
The spectroscopic data matched those reported in the literature.217 
 
 
2,3-bis(bromomethyl)-1,4-phenylene tetraethyl bis(phosphate) (137)  
 
Prepared according to the general procedure using freshly recrystallized NBS (3.36 g, 
18.9 mmol, 2.10 equiv), AIBN (73.9 mg, 450 µmol, 0.05 equiv) and 141 (3.97 g of a 93% 
(w/w) solution in diethylphosphoric acid, 9.00 mmol) in CCl4 (23 mL).  Purification via flash 
column chromatography (200 g silica gel, CH2Cl2/ac = 9/1) gave dibromide 137 (4.35 g, 
7.66 mmol, 85%) as a yellow oil. 
TLC: Rf = 0.28 (CH2Cl2/ac = 9/1) [UV, KMnO4]. 
IR (ATR): v (cm–1) = 2984 (w), 2910 (w), 1475 (s), 1393 (w), 1370 (w), 1271 (s), 1235 (s), 
1159 (m), 1020 (vs), 980 (vs), 891 (vs), 845 (s), 829 (s), 755 (m), 661 (w), 569 (s), 535 (s), 484 
(s). 
1H NMR (500 MHz, CDCl3): δ [ppm] = 7.40 (s, 2H), 4.68 (s, 4H), 4.26 (dqd, J = 8.3, 7.1, 
3.5 Hz, 8H), 1.37 (td, J = 7.1, 1.1 Hz, 12H). 
13C NMR (126 MHz, CDCl3): δ [ppm] = 146.2 (dd, J = 6.3, 1.2 Hz), 129.4 (d, J = 7.8 Hz), 
121.1 (dd, J = 2.3, 1.5 Hz), 65.2 (d, J = 6.3 Hz), 22.6 (s), 16.3 (d, J = 6.7 Hz). 
31P NMR (202 MHz, CDCl3): δ [ppm] = -6.8 (s, 2P). 
HR-MS (ESI, 4.0 eV): calcd for C16H26Br2O8P2Na [(M+Na)+]: 588.9362; measd: 588.9368. 
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General Procedure for Alkylation of Glycoluril XXX with Benzylic Dibromides 
Diethyl 1,4-Dioxo-1,2,3,4,5,10-hexahydro-2,3,4a,10a-
tetraazabenzo[g]cyclopenta[cd]azulene-2a,2a1-dicarboxylate (132) 
 
Glycoluril 94 (11.5 g, 40.0 mmol, 2.0 equiv) was dissolved in DMSO (200 mL), the reaction 
flask was placed in a water bath and KOtBu (9.87 g, 88.0 mmol, 4.4 equiv) was added.  After 
stirring the reaction mixture for 30 min, a,a’-dibromoxylene (5.28 g, 20.0 mmol) was added 
and the reaction mixture was stirred in the water bath for 4 h.  Afterwards, NH4Cl (200 mL) 
and H2O (200 mL) were added, the mixture was extracted with ethyl acetate (3 ´ 200 mL) and 
the combined organic layers were washed with H2O (300 mL), LiCl (5% w/v, 300 mL) and 
brine (300 mL).  After drying (Na2SO4), filtering and removal of the solvent in vacuo, the crude 
product was purified via flash column chromatography (200 g silica gel, CH2Cl2/MeCN = 2/1) 
to obtain 132 (3.57 g, 9.20 mmol, 46%) as a white solid. 
TLC: Rf = 0.21 (CH2Cl2/MeCN = 2/1) [UV, KMnO4]. 
1H NMR (400 MHz, CDCl3): δ [ppm] = 7.33 (dd, J = 5.4, 3.4 Hz, 2H), 7.23 (dd, J = 5.5, 3.3 Hz, 
2H), 6.07 (s, 2H), 4.82 (d, J = 16.0 Hz, 2H), 4.42 (d, J = 15.9 Hz, 2H), 4.31 (q, J = 7.1 Hz, 2H), 
4.23 (q, J = 7.1 Hz, 2H), 1.32 (t, J = 7.2 Hz, 3H), 1.27 (t, J = 7.2 Hz, 3H). 
13C NMR (101 MHz, CDCl3): δ [ppm] = 166.0 (s), 165.7 (s), 157.1 (s), 136.3 (s), 129.6 (s), 
128.3 (s), 83.2 (s), 73.5 (s), 63.6 (s), 63.3 (s), 44.8 (s), 14.0 (s), 13.8 (s). 
The spectroscopic data matched those reported in the literature.218 
 
 
Diethyl 6,9-Dimethoxy-1,4-dioxo-1,2,3,4,5,10-hexahydro-2,3,4a,10a-
tetraazabenzo[g]cyclopenta[cd]azulene-2a,2a1-dicarboxylate (142) 
 
Prepared according to the general procedure using glycoluril 94 (11.5 g, 40.0 mmol, 
2.00 equiv), KOtBu (9.87 g, 88.0 mmol, 4.4 equiv) and dibromide 136 (6.48 g, 20.0 mmol) in 
DMSO (200 mL).  Purification via flash column chromatography (200 g silica gel, 
CH2Cl2/MeCN = 2/1 à 1/1) gave 142 (4.12 g, 9.18 mmol, 46%) as a pale yellow solid. 
TLC: Rf = 0.16 (CH2Cl2/MeCN = 2/1) [UV, KMnO4]. 
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1H NMR (500 MHz, DMSO-d6): δ [ppm] = 8.37 (s, 2H), 6.93 (s, 2H), 5.25 (d, J = 15.8 Hz, 
2H), 4.18 (q, J = 7.1 Hz, 2H), 4.13 (q, J = 7.1 Hz, 2H), 4.02 (d, J = 15.9 Hz, 2H), 3.75 (s, 6H), 
1.21 (t, J = 7.1 Hz, 3H), 1.20 (t, J = 7.1 Hz, 3H). 
13C NMR (126 MHz, DMSO-d6): δ [ppm] = 166.6 (s), 166.2 (s), 157.0 (s), 150.7 (s), 127.3 (s), 
112.6 (s), 82.6 (s), 73.9 (s), 62.6 (s), 62.5 (s), 57.0 (s), 35.5 (s), 13.75 (s), 13.73 (s). 
The spectroscopic data matched those reported in the literature.219 
 
 
Diethyl 1,4-Dioxo-1,2,3,4,5,12-hexahydro-2,3,4a,12a-tetraazacyclopenta[cd]naphtho[2,3-
g]azulene-2a,2a1-dicarboxylate (143) 
 
Prepared according to the general procedure using glycoluril 94 (11.5 g, 40.0 mmol, 
2.00 equiv), KOtBu (9.87 g, 88.0 mmol, 4.4 equiv) and dibromide 135 (6.28 g, 20.0 mmol) in 
DMSO (200 mL).  Purification via flash column chromatography (200 g silica gel, 
CH2Cl2/MeCN = 3/1) gave 143 (3.71 g, 8.46 mmol, 42%) as a yellow solid. 
TLC: Rf = 0.17 (CH2Cl2/MeCN = 3/1) [UV, KMnO4]. 
M.p.: ϑm = 209–211 °C (decomp.). 
IR (ATR): v (cm–1) = 3082 (w), 1765 (m), 1724 (s), 1693 (vs), 1466, (m), 1424 (m), 1276 (s), 
1243 (s), 1142 (m), 1119 (m), 1090 (s), 1032 (s), 962 (m), 870 (w), 751 (vs), 711 (s), 623 (s), 
560 (s). 
1H NMR (500 MHz, MeCN-d3): δ [ppm] = 7.88 (dd, J = 6.2, 3.3 Hz, 2H), 7.82 (s, 2H), 7.53 
(dd, J = 6.2, 3.2 Hz, 2H), 6.36 (s, 2H), 4.88 (d, J = 15.9 Hz, 2H), 4.59 (d, J = 15.9 Hz, 2H), 4.32 
(q, J = 7.1 Hz, 2H), 4.23 (q, J = 7.1 Hz, 2H), 1.32 (t, J = 7.1 Hz, 3H), 1.28 (t, J = 7.1 Hz, 3H). 
13C NMR (126 MHz, MeCN-d3): δ [ppm] = 167.4 (s), 167.1 (s), 157.8 (s), 135.6 (s), 133.4 (s), 
129.2 (s), 128.4 (s), 127.7 (s), 84.0 (s), 74.6 (s), 64.4 (s), 64.3 (s), 45.5 (s), 14.2 (s), 14.1 (s). 
HR-MS (ESI, 4.0 eV): calcd for (C22H22N4O6)2Na [(2M+Na)+]: 899.2971; measd: 889.2979. 
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Diethyl 6,9-bis((diethoxyphosphoryl)oxy)-1,4-dioxo-1,2,3,4,5,10-hexahydro-2,3,4a,10a-
tetraazabenzo[g]cyclopenta[cd]azulene-2a,2a1-dicarboxylate (144) 
 
Prepared according to the general procedure using glycoluril 94 (2.86 g, 10.0 mmol, 
2.00 equiv), KOtBu (2.47 g, 22.0 mmol, 4.4 equiv) in DMSO (80 mL), adding dibromide 137 
(2.84 g, 5.00 mmol) as a solution in DMSO (10 mL, rinsing with 2 ´ 5 mL).  Purification via 
flash column chromatography (100 g silica gel, CH2Cl2/MeOH = 19/1) gave 144 (1.89 g, 
2.73 mmol, 55%) as a white solid. 
TLC: Rf = 0.25 (CH2Cl2/MeOH = 19/1) [UV, KMnO4]. 
M.p.: ϑm = 152–154 °C (decomp.). 
IR (ATR): v (cm–1) = 3226 (w), 2984 (w), 1739 (m), 1709 (s), 1468 (m), 1265 (s), 1231 (s), 
1154 (w), 1012 (vs), 956 (vs), 893 (m), 877 (m), 761 (m), 594 (m), 504 (m). 
1H NMR (500 MHz, CDCl3): δ [ppm] = 7.20 (s, 2H), 7.00 (s, 2H), 5.39 (d, J = 16.2 Hz, 2H), 
4.34–4.21 (m, 10H), 4.15 (q, J = 7.1 Hz, 2H), 4.09 (d, J = 16.3 Hz, 2H), 1.37–1.29 (m, 15H), 
1.22 (t, J = 7.1 Hz, 3H). 
13C NMR (126 MHz, CDCl3): δ [ppm] = 166.6 (s), 166.2 (s), 157.4 (s), 145.0 (dd, J = 6.5, 
1.4 Hz), 130.1 (d, J = 7.0 Hz), 120.6 (s), 82.7 (s), 74.4 (s), 65.2 (d, J = 6.4 Hz), 65.0 (d, 
J = 6.6 Hz), 63.3 (s), 63.2 (s), 37.2 (s), 16.24 (d, J = 2.5 Hz), 16.2 (d, J = 2.3 Hz), 14.1 (s), 13.9 
(s). 
31P NMR (202 MHz, CDCl3): δ [ppm] = -7.1 (s, 2P). 
HR-MS (ESI, 4.0 eV): calcd for C26H38N4O14P2Na [(M+Na)+]: 715.1752; measd: 715.1755. 
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General Procedure for Construction of the Tweezer Frameworks 
Protected Tweezer 134 
 
Tetrabromide 133 (528 mg, 700 µmol) was added to a suspension of 132 (544 mg, 1.40 mmol, 
2.0 equiv) in MeCN (35 mL), followed by addition of cesium carbonate (1.14 g, 3.50 mmol, 
5.0 equiv) and tetramethylammonium iodide (28.4 mg, 140 µmol, 0.2 equiv).  The reaction 
mixture was placed in a pre-heated oil bath and stirred at 40 °C for 24 h after which it was 
allowed to cool to room temperature and NH4Cl (30 mL) and H2O (30 mL) were added.  The 
mixture was extracted with ethyl acetate (3 ´ 60 mL) and the combined organic layers were 
washed with H2O (90 mL) and brine (90 mL), dried (Na2SO4) and filtered.  After removal of 
the solvent in vacuo, the crude product was purified via flash column chromatography (60 g 
silica gel, CH2Cl2/ac = 4/1) to obtain a diastereomeric mixture of the “C-shaped” and the “S-
shaped” diastereomers (392 mg). 
Separation of the diastereomers via preparative NP-HPLC (MeCN/CH2Cl2, 32 mL/min, 1% for 
3 min, then linear gradient to 40% for 40 min, then linear gradient to 90% for 5 min, then 90% 
for 10 min), iterated two times with the collected mixed fractions, gave pure “C-shaped” 
diastereomer 134 (220 mg, 182 µmol, 26%) as a white solid and pure “S-shaped” diastereomer 
dia-134 (147 mg, 122 µmol, 17%) as a white solid; combined isolated yield 43%, d.r. = 1.5/1. 
“C-shaped” diastereomer: 
TLC: Rf = 0.19 (CH2Cl2/ac = 4/1) [UV, KMnO4]. 
HPLC: tR = 26.44 min. 
M.p.: ϑm = 181–182 °C (decomp.). 
IR (ATR): v (cm–1) = 2982 (w), 2926 (w), 1722 (vs), 1455 (s), 1424 (m), 1361 (m), 1257 (s), 
1160 (s), 1014 (vs), 967 (s), 923 (s), 855 (s), 804 (m), 750 (m), 608 (m), 482 (m). 
1H NMR (500 MHz, CDCl3): δ [ppm] = 7.27–7.23 (m, 4H), 7.18–7.12 (m, 4H), 5.14 (d, 
J = 16.3 Hz, 4H), 4.72 (d, J = 15.7 Hz, 4H), 4.40 (d, J = 15.7 Hz, 4H), 4.35 (d, J = 16.6 Hz, 
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4H), 4.33–4.25 (m, 8H), 4.17 (virt. dq, J = 15.6, 7.1 Hz, 8H), 1.39 (td, J = 7.1, 1.0 Hz, 12H), 
1.23 (virt. q, J = 7.2 Hz, 12H). 
13C NMR (126 MHz, CDCl3): δ [ppm] = 166.2 (s), 165.9 (s), 156.1 (s), 143.3 (dd, J = 8.9, 
2.9 Hz), 136.0 (s), 130.8 (d, J = 0.7 Hz), 129.9 (s), 128.5 (s), 80.5 (s), 79.8 (s), 65.8–64.8 (m), 
63.8 (s), 63.4 (s), 45.9 (s), 39.5 (s), 21.6 (d, J = 5.8 Hz), 16.3–15.9 (m), 14.1 (s), 14.0 (s). 
31P NMR (202 MHz, CDCl3): δ [ppm] = -6.4 (s, 2P). 
HR-MS (ESI, 4.0 eV): calcd for C54H64N8O20P2Na2 [(M+2Na)2+]: 626.1748; measd: 626.1756. 
 
 “S-shaped” diastereomer: 
TLC: Rf = 0.19 (CH2Cl2/ac = 4/1) [UV, KMnO4]. 
HPLC: tR = 31.20 min. 
M.p.: ϑm = 150–152 °C (decomp.). 
IR (ATR): v (cm–1) = 2978 (w), 1719 (vs), 1453 (s), 1423 (s), 1365 (m), 1257 (s), 1158 (m), 
1103 (w), 1081 (w), 1014 (vs), 965 (s), 920 (s), 856 (m), 803 (m), 759 (m), 732 (m), 644 (w), 
528 (m), 476 (m). 
1H NMR (500 MHz, CDCl3): δ [ppm] = 7.29 (dd, J = 5.5, 3.4 Hz, 4H), 7.15 (dd, J = 5.6, 3.3 Hz, 
4H), 4.88–4.71 (m, 8H), 4.58 (d, J = 15.4 Hz, 4H), 4.40–4.29 (m, 8H), 4.22 (q, J = 7.1 Hz, 4H), 
4.19–4.05 (m, 4H), 3.45 (bs, 4H), 1.41 (td, J = 7.1, 1.1 Hz, 6H), 1.30 (t, J = 7.2 Hz, 6H), 1.25 
(td, J = 7.1, 0.9 Hz, 6H), 0.92 (t, J = 7.0 Hz, 6H). 
13C NMR (126 MHz, CDCl3): δ [ppm] = 165.7 (s), 165.1 (s), 156.3 (s), 143.3 (dd, J = 8.9, 
3.0 Hz), 136.8 (s), 130.3 (s), 129.8 (s), 128.1 (s), 81.0 (s), 79.0 (s), 65.9–65.2 (m), 63.6 (s), 63.1 
(s), 45.6 (s), 39.6 (s), 21.7 (s), 21.1 (s), 16.5–15.9 (m), 14.2 (s), 13.8 (s). 
31P NMR (202 MHz, CDCl3): δ [ppm] = -5.6 (s, 2P). 
HR-MS (ESI, 4.0 eV): calcd for C54H64N8O20P2Na2 [(M+2Na)2+]: 627.1778; measd: 627.1815. 
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Protected Tweezer 145 
 
Prepared according to the general procedure using tetrabromide 133 (528 mg, 700 µmol), 142 
(628 mg, 1.40 mmol, 2.0 equiv), cesium carbonate (1.14 g, 3.50 mmol, 5.0 equiv) and 
tetramethylammonium iodide (28.4 mg, 140 µmol, 0.2 equiv) in MeCN (35 mL).  Purification 
via flash column chromatography (60 g silica gel, CH2Cl2/ac = 3/1) gave a diastereomeric 
mixture of the “C-shaped” and the “S-shaped” diastereomers (441 mg). 
Separation of the diastereomers via preparative NP-HPLC (MeCN/CH2Cl2, 32 mL/min, 1% for 
3 min, then linear gradient to 40% for 40 min, then linear gradient to 90% for 5 min, then 90% 
for 10 min), iterated two times with the collected mixed fractions, gave pure “C-shaped” 
diastereomer 145 (271 mg, 204 µmol, 29%) as a white solid and pure “S-shaped” diastereomer 
dia-145 (141 mg, 106 µmol, 15%) as a white solid; combined isolated yield 44%, d.r. = 1.9/1. 
“C-shaped” diastereomer: 
TLC: Rf = 0.23 (CH2Cl2/ac = 3/1) [UV, KMnO4]. 
HPLC: tR = 27.00 min. 
M.p.: ϑm = 279 °C (decomp.). 
IR (ATR): v (cm–1) = 2984 (w), 2929 (w), 1723 (s), 1439 (s), 1362 (m), 1258 (s), 1163 (m), 
1081 (m), 1016 (vs), 945 (s), 919 (s), 856 (m), 801 (m), 748 (m), 717 (w), 660 (w), 535 (m). 
1H NMR (500 MHz, CDCl3): δ [ppm] = 6.66 (s, 4H), 5.27 (d, J = 16.5 Hz, 4H), 5.00 (d, 
J = 15.3 Hz, 4H), 4.38 (d, J = 15.3 Hz, 4H), 4.37–4.27 (m, 8H), 4.25 (d, J = 16.4 Hz, 4H), 4.18 
(q, J = 7.1 Hz, 4H), 4.01 (q, J = 7.2 Hz, 4H), 3.76 (s, 12H), 1.40 (td, J = 7.0, 0.9 Hz, 12H), 1.23 
(t, J = 7.1 Hz, 6H), 1.17 (t, J = 7.1 Hz, 6H). 
13C NMR (126 MHz, CDCl3): δ [ppm] = 166.3 (s), 166.0 (s), 156.2 (s), 151.4 (s), 143.1 (d, 
J = 6.2 Hz), 131.2 (d, J = 0.9 Hz), 126.1 (s), 112.5 (s), 80.17 (s), 80.15 (s), 66.3–65.2 (m), 63.6 
(s), 63.1 (s), 57.1 (s), 39.3 (s), 37.7 (s), 16.7–15.9 (m), 14.04 (s), 13.96 (s). 
31P NMR (202 MHz, CDCl3): δ [ppm] = -6.3 (s, 2P). 
HR-MS (ESI, 4.0 eV): calcd for C58H72N8O24P2Na2 [(M+2H)2+]: 686.1960; measd: 686.1969. 
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“S-shaped” diastereomer: 
TLC: Rf = 0.23 (CH2Cl2/ac = 3/1) [UV, KMnO4]. 
HPLC: tR = 32.10 min. 
M.p.: ϑm = 149 °C (decomp.). 
IR (ATR): v (cm–1) = 2984 (w), 1722 (s), 1459 (s), 1435 (s), 1364 (m), 1256 (vs), 1163 (m), 
1078 (s), 1018 (vs), 941 (s), 916 (s), 858 (s), 804 (s), 752 (m), 718 (m), 528 (m). 
1H NMR (500 MHz, CDCl3): δ [ppm] = 6.73 (s, 4H), 5.43 (d, J = 16.2 Hz, 4H), 4.78 (d, 
J = 15.6 Hz, 4H), 4.60 (d, J = 15.5 Hz, 4H), 4.34 (pd, J = 7.1, 4.3 Hz, 4H), 4.20–4.06 (m, 8H), 
4.02 (d, J = 16.2 Hz, 4H), 3.79 (s, 12H), 3.53 (bs, 4H), 1.40 (td, J = 7.1, 1.1 Hz, 6H), 1.25 (t, 
J = 7.1 Hz, 12H), 0.94 (t, J = 7.1 Hz, 6H). 
13C NMR (126 MHz, CDCl3): δ [ppm] = 166.0 (s), 165.5 (s), 156.4 (s), 151.4 (s), 143.3 (dd, 
J = 9.0, 3.1 Hz), 130.4 (s), 127.3 (s), 112.4 (s), 81.1 (s), 79.2 (s), 65.6–65.4 (m), 63.3 (s), 63.1 
(s), 57.3 (s), 39.7 (s), 37.3 (s), 16.3–16.1 (m), 14.1 (s), 13.8 (s). 
31P NMR (202 MHz, CDCl3): δ [ppm] = -5.5 (s, 2P). 
HR-MS (ESI, 4.0 eV): calcd for C58H72N8O24P2Na2 [(M+2H)2+]: 686.1960; measd: 686.1965. 
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Protected Tweezer 146 
 
Prepared according to the general procedure using tetrabromide 133 (528 mg, 700 µmol), 143 
(614 mg, 1.40 mmol, 2.0 equiv), cesium carbonate (1.14 g, 3.50 mmol, 5.0 equiv) and 
tetramethylammonium iodide (28.4 mg, 140 µmol, 0.2 equiv) in MeCN (35 mL).  Purification 
via flash column chromatography (60 g silica gel, CH2Cl2/ac = 4/1) gave a diastereomeric 
mixture of the “C-shaped” and the “S-shaped” diastereomers (558 mg). 
Separation of the diastereomers via preparative NP-HPLC (MeCN/CH2Cl2, 32 mL/min, 1% for 
3 min, then linear gradient to 40% for 40 min, then linear gradient to 90% for 5 min, then 90% 
for 10 min), iterated for four times with the collected mixed fractions, gave pure “C-shaped” 
diastereomer 146 (300 mg, 229 µmol, 33%) as a white solid and pure “S-shaped” diastereomer 
dia-146 (229 mg, 175 µmol, 25%) as a white solid; combined isolated yield 58%, d.r. = 1.3/1. 
“C-shaped” diastereomer: 
TLC: Rf = 0.24 (CH2Cl2/ac = 4/1) [UV, KMnO4]. 
HPLC: tR = 26.72 min. 
M.p.: ϑm = 303–304 °C (decomp.). 
IR (ATR): v (cm–1) = 2982 (w), 2933 (w), 1718 (s), 1446 (s), 1421 (s), 1367 (m), 1255 (s), 
1157 (m), 1137 (m), 1020 (vs), 979 (s), 925 (s), 801 (m), 747 (s), 616 (m), 543 (s), 517 (m), 
480 (s). 
1H NMR (500 MHz, CDCl3): δ [ppm] = 7.67 (s, 4H), 7.64 (dd, J = 6.1, 3.3 Hz, 4H), 7.36 (dd, 
J = 6.3, 3.2 Hz, 4H), 5.07 (d, J = 16.4 Hz, 4H), 4.85 (d, J = 15.9 Hz, 4H), 4.47 (d, J = 15.8 Hz, 
4H), 4.39–4.23 (m, 12H), 4.19 (virt. p, J = 7.0 Hz, 8H), 1.39 (td, J = 7.1, 1.0 Hz, 12H), 1.24 
(dt, J = 14.4, 7.1 Hz, 12H). 
13C NMR (126 MHz, CDCl3): δ [ppm] = 166.2 (s), 165.9 (s), 155.9 (s), 143.3 (dd, J = 8.8, 
2.8 Hz), 133.5 (s), 132.7 (s), 130.8 (d, J = 0.9 Hz), 129.0 (s), 127.8 (s), 126.5 (s), 80.5 (s), 79.7 
(s), 65.4–65.3 (m), 63.7 (s), 63.5 (s), 46.0 (s), 39.5 (s), 16.2–16.1 (m), 14.1 (s), 14.0 (s). 
31P NMR (202 MHz, CDCl3): δ [ppm] = -6.5 (s, 2P). 
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HR-MS (ESI, 4.0 eV): calcd for C62H68N8O20P2Na2 [(M+2Na)2+]: 676.1905; measd: 676.1901. 
 
“S-shaped” diastereomer: 
TLC: Rf = 0.24 (CH2Cl2/ac = 4/1) [UV, KMnO4]. 
HPLC: tR = 25.34 min. 
M.p.: ϑm = 190–192 °C (decomp.). 
IR (ATR): v (cm–1) = 2981, 1719 (s), 1451 (m), 1422 (m), 1366 (m), 1259 (s), 1160 (m), 1016 
(vs), 980 (s), 923 (s), 857 (s), 802 (s), 750 (s), 620 (w), 532 (m), 481 (s). 
1H NMR (500 MHz, CDCl3): δ [ppm] = 7.77 (s, 4H), 7.73 (dd, J = 6.1, 3.3 Hz, 4H), 7.42 (dd, 
J = 6.3, 3.2 Hz, 4H), 4.94 (d, J = 16.2 Hz, 4H), 4.71 (bs, 4H), 4.55 (d, J = 15.4 Hz, 4H), 4.45 
(d, J = 16.1 Hz, 4H), 4.34 (ddtd, J = 17.1, 10.1, 7.1, 2.9 Hz, 4H), 4.17–4.01 (m, 8H), 3.12 (bs, 
4H), 1.41 (td, J = 7.1, 1.1 Hz, 6H), 1.25 (t, J = 7.1 Hz, 6H), 1.22 (t, J = 7.0 Hz, 6H), 0.81 (t, 
J = 7.1 Hz, 6H). 
13C NMR (126 MHz, CDCl3): δ [ppm] = 165.5 (s), 164.9 (s), 156.1 (s), 143.2 (dd, J = 9.0, 
2.9 Hz), 134.0 (s), 132.5 (s), 130.2–130.1 (m), 128.8 (s), 127.6 (s), 126.5 (s), 80.7 (s), 78.8 (s), 
65.5–65.2 (m), 63.4 (s), 62.7 (s), 45.7 (s), 39.4 (s), 16.2–15.9 (m), 14.1 (s), 13.6 (s). 
31P NMR (202 MHz, CDCl3): δ [ppm] = -5.7 (s, 2P). 
HR-MS (ESI, 4.0 eV): calcd for C62H68N8O20P2Na [(M+Na)+]: 1329.3917; measd: 1320.3926. 
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Protected Tweezer 147 
 
Prepared according to the general procedure using tetrabromide 133 (377 mg, 500 µmol), 144 
(693 mg, 1.00 mmol, 2.0 equiv), cesium carbonate (815 mg, 2.50 mmol, 5.0 equiv) and 
tetramethylammonium iodide (20.3 mg, 100 µmol, 0.2 equiv) in MeCN (25 mL).  Purification 
via flash column chromatography (80 g silica gel, CH2Cl2/ac = 3/2 à 1/1) gave a 
diastereomeric mixture of the “C-shaped” and the “S-shaped” diastereomers (342 mg). 
Separation of the diastereomers via preparative NP-HPLC (MeCN/CH2Cl2, 32 mL/min, 1% for 
3 min, then linear gradient to 90% for 20 min, then 90% for 20 min), iterated one time with the 
collected mixed fractions, gave pure “C-shaped” diastereomer 147 (186 mg, 103 µmol, 21%) 
as a white solid and pure “S-shaped” diastereomer dia-147 (130 mg, 71.6 µmol, 14%) as a 
white solid; combined isolated yield 35%, d.r. = 1.4/1. 
“C-shaped” diastereomer: 
TLC: Rf = 0.25 (CH2Cl2/ac = 1/1) [UV, KMnO4]. 
HPLC: tR = 31.22 min. 
M.p.: ϑm = 179–180 °C (decomp.). 
IR (ATR): v (cm–1) = 2984 (w), 1728 (s), 1462 (s), 1440 (m), 1362 (m), 1260 (s), 1232 (s), 
1164 (m), 1010 (vs), 948 (vs), 924 (vs), 883, (s) 856 (s), 802 (m), 751 (m), 653 (w), 517 (m). 
1H NMR (500 MHz, CDCl3): δ [ppm] = 7.26 (s, 4H), 5.30 (d, J = 16.7 Hz, 4H), 5.28 (d, J = 16.3 
Hz, 4H), 4.35–4.08 (m, 40H), 1.41–1.23 (m, 39H), 1.09 (t, J = 7.0 Hz, 9H). 
13C NMR (126 MHz, CDCl3): δ [ppm] = 165.9 (s), 165.6 (s), 155.4 (s), 145.0 (dd, J = 6.7, 
1.4 Hz), 143.0 (d, J = 3.0 Hz), 131.5 (s), 129.7 (d, J = 6.9 Hz), 121.2 (s), 79.8 (s), 79.7 (s), 
65.5-65.3 (m), 65.1 (d, J = 6.5 Hz), 65.0 (d, J = 6.3 Hz), 63.72 (s), 63.67 (s), 39.2 (s), 38.1 (s), 
21.7 (s), 16.3–15.9 (m), 14.10 (s), 14.06 (s). 
31P NMR (202 MHz, CDCl3): δ [ppm] = -6.0 (s, 2P), -6.7 (s, 4P). 
HR-MS (ESI,4.0 eV): calcd for C70H100N8O36P6Na2 [(M+2Na)2+]: 930.2225; measd: 930.2242. 
 
NN
N N N N
NN
O
O
O
O
O
O O
O
R R R R
“S-shaped”
OPO
O P O
EtO OEt
OEtEtO
P
O
EtO
EtO
P
O
EtO
EtO
P
O
OEt
OEt
P
O
OEt
OEt
NN
N N N N
NN
O
O
O
O
O
O O
O
R R R R
OPO
O P O
EtO OEt
OEtEtO
P
O
EtO
EtO
P
O
EtO
EtO
P
O
OEt
OEt
P
O
OEt
OEt
R = CO2Et
C70H100N8O36P6
M = 1815.43
“C-shaped”
  61 
“S-shaped” diastereomer: 
TLC: Rf = 0.24 (CH2Cl2/ac = 4/1) [UV, KMnO4]. 
HPLC: tR = 25.11 min. 
M.p.: ϑm = 147–149 °C (decomp.). 
IR (ATR): v (cm–1) = 2984 (w), 1725 (s), 1459 (m), 1431 (m), 1364 (w), 1262 (s), 1198 (m), 
1016 (vs), 950 (s), 860 (s), 801 (s), 752 (m), 652 (w), 516 (m). 
1H NMR (500 MHz, CDCl3): δ [ppm] = 7.23 (s, 4H), 5.38 (d, J = 16.5 Hz, 4H), 4.75 (d, 
J = 15.4 Hz, 4H), 4.57 (d, J = 15.6 Hz, 4H), 4.35–4.02 (m, 32H), 3.64 (d, J = 9.5 Hz, 4H), 
1.43-1.22 (m, 45H), 1.06 (t, J = 7.1 Hz, 3H). 
13C NMR (126 MHz, CDCl3): δ [ppm] = 165.7 (s), 165.1 (s), 156.0 (s), 145.0 (dd, J = 6.6, 
1.2 Hz), 143.3 (d, J = 5.8 Hz), 130.5–129.9 (m), 120.7 (s), 80.5 (s), 79.0 (s), 65.5 (d, 
J = 3.8 Hz), 65.3 (d, J = 6.5 Hz), 65.1 (d, J = 6.2 Hz), 63.8 (s), 63.4 (s), 39.6 (s), 37.9 (s), 21.7 
(s), 16.3–16.1 (m), 14.2 (s), 13.8 (s). 
31P NMR (202 MHz, CDCl3): δ [ppm] = -5.5 (s, 2P), -6.5 (s, 4P). 
HR-MS (ESI,4.0 eV): calcd for C70H100N8O36P6Na2 [(M+2Na)2+]: 930.2225; measd: 930.2240. 
 
 
General Procedure for Diethyl Phosphate Deprotection 
Tweezer 127 
 
Diethyl phosphate-protected tweezer 134 (132 mg, 109 µmol) was dissolved in CH2Cl2 
(5.5 mL) and the solution was cooled to 0 °C before TMSBr (580 µL, 667 mg, 4.36 mmol, 
40 equiv) was added dropwise.  The reaction mixture was allowed to slowly warm to room 
temperature and stirred for 24 h.  After cooling the reaction mixture to 0 °C, EtOH (5 mL) was 
slowly added and the reaction mixture was stirred at room temperature for 60 min, after which 
the solvent was removed in vacuo.  MeCN (5 mL) was added and the solvent was removed in 
vacuo.  Portionwise purification of the crude product via preparative RP-HPLC (MeOH/H2O 
+0.1% formic acid , 6.0 mL/min, 1% for 3 min, then linear gradient to 95% for 25 min, then 
95% for 10 min) gave tweezer 127 (97.5 mg, 89.1 µmol, 82%) as a white powder upon 
lyophilization. 
HPLC: tR = 22.42 min. 
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M.p.: ϑm = 222–224 °C (decomp.). 
IR (ATR): v (cm–1) = 2986 (w), 1692 (s), 1464 (s), 1427 (s), 1366 (m), 1256 (s), 1157 (s), 1083 
(m), 1011 (vs), 948 (s), 915 (vs), 817 (s), 752 (s), 732 (s), 642 (m), 606 (m), 487 (vs). 
1H NMR (500 MHz, DMSO-d6): δ [ppm] = 7.28 (dd, J = 5.5, 3.5 Hz, 4H), 7.20 (dd, J = 5.6, 
3.3 Hz, 4H), 5.38 (d, J = 17.0 Hz, 4H), 4.63 (d, J = 14.9 Hz, 4H), 4.43 (d, J = 14.8 Hz, 4H), 
4.25 (q, J = 7.1 Hz, 4H), 4.05–3.92 (m, 8H), 1.21 (t, J = 7.1 Hz, 6H), 1.10 (t, J = 7.1 Hz, 6H). 
13C NMR (126 MHz, DMSO-d6): δ [ppm] = 165.7 (s), 165.1 (s), 155.4 (s), 142.9 (s), 135.5 (s), 
131.1 (s), 129.9 (s), 128.2 (s), 80.0 (s), 79.0 (s), 63.6 (s), 63.1 (s), 45.4 (s), 38.4 (s), 13.8 (s), 
13.6 (s). 
31P NMR (202 MHz, DMSO-d6): δ [ppm] = -4.7 (s, 2P). 
HR-MS (ESI, 4.0 eV): calcd for C46H46N8O20P2 [(M–2H)2–]: 546.1157; measd: 546.1161. 
 
 
Tweezer 129 
 
Prepared according to the general procedure using protected tweezer 145 (104 mg, 78.6 µmol) 
and TMSBr (420 µL, 481 mg, 3.14 mmol, 40 equiv) in CH2Cl2 (4.0 mL).  Portionwise 
purification of the crude product via preparative RP-HPLC (MeOH/H2O +0.1% formic acid , 
6.0 mL/min, 1% for 3 min, then linear gradient to 95% for 25 min, then 95% for 10 min) gave 
tweezer 129 (84.1 mg, 69.2 µmol, 88%) as a white powder upon lyophilization 
HPLC: tR = 24.37 min. 
M.p.: ϑm = 246–247 °C (decomp.). 
IR (ATR): v (cm–1) = 2938 (w), 1730 (s), 1440 (s), 1357 (m), 1254 (vs), 1157 (s), 1079 (s), 
1016 (vs), 941 (vs), 915 (vs), 820 (m), 717 (m), 656 (m), 541 (s), 483 (s). 
1H NMR (500 MHz, DMSO-d6): δ [ppm] = 6.88 (s, 4H), 5.39 (d, J = 17.0 Hz, 4H), 4.75 (d, 
J = 14.4 Hz, 4H), 4.44 (d, J = 14.4 Hz, 4H), 4.24 (q, J = 7.1 Hz, 4H), 3.99 (d, J = 17.0 Hz, 4H), 
3.88 (q, J = 7.1 Hz, 4H), 3.72 (s, 12H), 1.21 (t, J = 7.1 Hz, 6H), 1.06 (t, J = 7.1 Hz, 6H). 
13C NMR (126 MHz, DMSO-d6): δ [ppm] = 165.6 (s), 165.1 (s), 155.7 (s), 150.6 (s), 143.0 (s), 
131.2 (s), 124.7 (s), 112.3 (s), 80.1 (s), 78.9 (s), 63.6 (s), 62.9 (s), 56.3 (s), 38.4 (s), 37.0 (s), 
13.7 (s), 13.5 (s). 
31P NMR (202 MHz, DMSO-d6): δ [ppm] = -4.7 (s, 2P). 
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HR-MS (ESI, 4.0 eV): calcd for C50H54N8O24P2 [(M–2H)2–]: 606.1369; measd: 606.1378. 
 
 
S-Shaped Tweezer dia-129 
 
Prepared according to the general procedure using dia-145 (75.7 mg, 57.0 µmol) and TMSBr 
(300 µL, 349 mg, 2.28 mmol, 40 equiv) in CH2Cl2 (2.9 mL).  Portionwise purification of the 
crude product via preparative RP-HPLC (MeOH/H2O +0.1% formic acid , 6.0 mL/min, 1% for 
3 min, then linear gradient to 95% for 25 min, then 95% for 10 min) gave dia-129 (61.5 mg, 
50.6 µmol, 89%) as a white powder upon lyophilization 
HPLC: tR = 25.05 min. 
M.p.: ϑm = 281–282 °C (decomp.). 
IR (ATR): v (cm–1) = 2939 (w), 1760 (m), 1741 (m), 1679 (m), 1477 (vs), 1388 (m), 1359 (m), 
1312 (vs), 1140 (m), 1086 (s), 1075 (s), 1025 (vs), 953 (vs), 924 (s), 815 (m), 496 (s). 
1H NMR (500 MHz, DMSO-d6): δ [ppm] = 6.88 (s, 4H), 5.18 (d, J = 15.9 Hz, 4H), 4.65 (bs, 
4H), 4.46 (bs, 4H), 4.16–4.04 (m, 8H), 3.73 (s, 12H), 3.45 (bs, 4H), 1.19 (t, J = 7.1 Hz, 6H), 
0.75 (bs, 6H). 
13C NMR (126 MHz, DMSO-d6): δ [ppm] = 165.2 (s), 165.1 (s), 155.6 (s), 150.8 (s), 
143.4-143.2 (m), 126.9 (s), 112.7 (s), 80.4 (s), 78.7 (s), 63.2 (s), 62.7 (s), 56.9 (s), 36.4 (s), 
13.6 (s), 13.3 (s). 
31P NMR (202 MHz, DMSO-d6): δ [ppm] = -4.9 (s, 2P). 
HR-MS (ESI, 4.0 eV): calcd for C50H54N8O24P2 [(M–2H)2–]: 606.1369; measd: 606.1380. 
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Tweezer 128 
 
Prepared according to the general procedure using protected tweezer 146 (47.1 mg, 36.0 µmol) 
and TMSBr (190 µL, 220 mg, 1.44 mmol, 40 equiv) in CH2Cl2 (1.8 mL).  Portionwise 
purification of the crude product via preparative RP-HPLC (MeOH/H2O +0.1% formic acid , 
6.0 mL/min, 1% for 3 min, then linear gradient to 95% for 25 min, then 95% for 10 min) gave 
tweezer 128 (35.7 mg, 29.9 µmol, 83%) as a white powder upon lyophilization. 
HPLC: tR = 24.34 min. 
M.p.: ϑm = 246 °C (decomp.). 
IR (ATR): v (cm–1) = 3117 (w), 1690 (s), 1475 (m), 1438 (w), 1298 (m), 1236 (s), 1151 (s), 
914 (vs), 828 (s), 745 (s), 651 (m), 601 (m), 477 (s). 
1H NMR (500 MHz, DMSO-d6): δ [ppm] = 7.81–7.76 (m, 8H), 7.44 (dd, J = 6.3, 3.2 Hz, 4H), 
5.35 (d, J = 17.1 Hz, 4H), 4.72 (d, J = 14.6 Hz, 4H), 4.52 (d, J = 14.7 Hz, 4H), 4.22 (q, 
J = 7.2 Hz, 4H), 3.97 (d, J = 17.1 Hz, 4H), 3.86 (q, J = 7.1 Hz, 4H), 1.19 (t, J = 7.1 Hz, 6H), 
0.95 (t, J = 7.1 Hz, 6H). 
13C NMR (126 MHz, DMSO-d6): δ [ppm] = 165.7 (s), 165.0 (s), 155.5 (s), 143.0 (s), 132.9 (s), 
132.2 (s), 130.9 (s), 128.8 (s), 127.3 (s), 126.6 (s), 80.1 (s), 78.9 (s), 63.6 (s), 63.0 (s), 45.7 (s), 
38.5 (s), 13.7 (s), 13.4 (s). 
31P NMR (202 MHz, DMSO-d6): δ [ppm] = -4.5 (s, 2P). 
HR-MS (ESI, 4.0 eV): calcd for C54H50N8O20P2 [(M–2H)2–]: 596.1314; measd: 596.1315. 
 
 
Tweezer 130 
 
Prepared according to the general procedure using protected tweezer 147 (185 mg, 102 µmol) 
and TMSBr (810 µL, 937 mg, 6.12 mmol, 60 equiv) in CH2Cl2 (5.1 mL).  Portionwise 
purification of the crude product via preparative RP-HPLC (MeOH/H2O +0.1% formic acid , 
6.0 mL/min, 0% for 3 min, then linear gradient to 30% for 25 min, then 30% for 10 min) gave 
tweezer 130 (132 mg, 89.3 µmol, 88%) as a white powder upon lyophilization. 
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HPLC: tR = 12.77 min. 
M.p.: ϑm = 254 °C (decomp.). 
IR (ATR): v (cm–1) = 2751 (w), 1687 (s), 1472 (s), 1358 (m), 1231 (s), 1156 (s), 1084 (m), 
1013 (vs), 948 (vs), 914 (s), 819 (s), 652 (m), 478 (s). 
1H NMR (500 MHz, DMSO-d6): δ [ppm] = 7.14 (s, 4H), 5.40 (d, J = 17.0 Hz, 4H), 4.81 (d, 
J = 14.8 Hz, 4H), 4.49 (d, J = 14.9 Hz, 4H), 4.24 (q, J = 7.1 Hz, 4H), 4.00 (d, J = 16.9 Hz, 4H), 
3.92 (q, J = 7.0 Hz, 4H), 1.21 (t, J = 7.1 Hz, 6H), 1.10 (t, J = 7.1 Hz, 6H). 
13C NMR (126 MHz, DMSO-d6): δ [ppm] = 165.7 (s), 165.0 (s), 155.6 (s), 145.4 (d, 
J = 6.2 Hz), 143.1 (d, J = 6.4 Hz), 131.2 (s), 128.3 (d, J = 5.3 Hz), 121.3 (s), 80.1 (s), 78.6 (s), 
63.7 (s), 63.2 (s), 38.4 (s), 38.1 (s), 13.7 (s), 13.6 (s). 
31P NMR (202 MHz, DMSO-d6): δ [ppm] = -4.7 (s, 2P), -5.8 (s, 2P). 
HR-MS (ESI, 4.0 eV): calcd for C46H49N8O36P6 [(M–3H)2–]: 491.6897; measd: 491.6906. 
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Preparation of Guest Ammonium Salts 
General Procedure for Formation of Hydrochloride Salts of Amines 
According to our previously described procedure,208 0.2 M HCl stock solution was prepared by 
diluting HCl (4 M in dioxane, 20 mL) with MeOH (380 mL).  (Di-)Amine (2 mmol) was added 
to 25 mL/50 mL of the prepared stock solution (2.50 equiv HCl per amine functionality) and 
the resulting mixture was stirred for 10 min.  The solvent was removed in vacuo and the process 
of addition of HCl stock solution and removal of the solvent was repeated two more times.  
Afterwards, the resulting material was further dried under high vacuum for at least 2 h to give 
the corresponding (di-)amine (di-)hydrochloride. 
 
Heptanediamine Dihydrochloride (102) 
 
Prepared according to the general procedure from heptanediamine (260 mg, 2.00 mmol).  White 
solid (406 mg, 2.00 mmol, quant.). 
1H NMR (500 MHz, DMSO-d6): δ [ppm] = 8.16 (s, 6H), 2.72 (h, J = 5.9 Hz, 4H), 1.56 (p, 
J = 7.3 Hz, 4H), 1.36–1.19 (m, 6H). 
13C NMR (126 MHz, DMSO-d6): δ [ppm] = 38.6 (s), 28.0 (s), 26.7 (s), 25.6 (s). 
1H NMR (500 MHz, D2O): δ [ppm] = 3.03 (t, J = 7.7 Hz, 4H), 1.70 (p, J = 7.1 Hz, 4H), 1.42 
(q, J = 4.4 Hz, 6H). 
13C NMR (126 MHz, D2O-d6): δ [ppm] = 39.5 (s), 27.6 (s), 26.6 (s), 25.3 (s). 
The spectroscopic data matched those reported in the literature.220 
 
 
Octanediamine Dihydrochloride (103) 
 
Prepared according to the general procedure from octanediamine (289 mg, 2.00 mmol).  White 
solid (429 mg, 1.98 mmol, 99%). 
1H NMR (500 MHz, DMSO-d6): δ [ppm] = 8.13 (s, 6H), 2.72 (t, J = 7.6 Hz, 4H), 1.56 (p, 
J = 7.3 Hz, 4H), 1.28 (virt dtd, J = 14.0, 10.7, 8.7, 5.2 Hz, 8H). 
13C NMR (126 MHz, DMSO-d6): δ [ppm] = 38.6 (s), 28.2 (s), 26.8 (s), 25.7 (s). 
1H NMR (500 MHz, D2O): δ [ppm] = 3.03 (t, J = 7.7 Hz, 4H), 1.69 (p, J = 7.2 Hz, 4H), 
1.46--1.35 (m, 8H). 
13C NMR (126 MHz, D2O-d6): δ [ppm] = 39.6 (s), 27.9 (s), 26.7 (s), 25.5 (s). 
The spectroscopic data matched those reported in the literature.200 
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Nonanediamine Dihydrochloride (104) 
 
Prepared according to the general procedure from nonanediamine (317 mg, 2.00 mmol).  White 
solid (462 mg, 2.00 mmol, quant.). 
1H NMR (500 MHz, DMSO-d6): δ [ppm] = 8.16 (s, 6H), 2.71 (t, J = 7.6 Hz, 4H), 1.55 (p, 
J = 7.2 Hz, 4H), 1.33–1.19 (m, 10H). 
13C NMR (126 MHz, DMSO-d6): δ [ppm] = 38.7 (s), 28.6 (s), 28.4 (s), 26.9 (s), 25.8 (s). 
1H NMR (500 MHz, D2O): δ [ppm] = 3.03 (t, J = 7.6 Hz, 4H), 1.69 (p, J = 7.5 Hz, 4H), 
1.46--1.34 (m, 10H). 
13C NMR (126 MHz, D2O-d6): δ [ppm] = 39.6 (s), 28.2 (s), 28.1 (s), 26.7 (s), 25.5 (s). 
The spectroscopic data matched those reported in the literature.221 
 
 
p-Xylylenediamine Dihydrochloride (112) 
 
Prepared according to the general procedure from p-xylylenediamine (272 mg, 2.00 mmol).  
White solid (412 mg, 1.97 mmol, 99%). 
1H NMR (500 MHz, DMSO-d6): δ [ppm] = 8.56 (s, 6H), 7.52 (s, 4H), 4.01 (s, 4H). 
13C NMR (126 MHz, DMSO-d6): δ [ppm] = 134.2 (s), 129.1 (s), 41.7 (s). 
1H NMR (500 MHz, D2O): δ [ppm] = 7.55 (s, 4H), 4.24 (s, 4H). 
13C NMR (126 MHz, D2O-d6): δ [ppm] = 133.5 (s), 129.5 (s), 42.7 (s). 
The spectroscopic data matched those reported in the literature.221 
 
 
H-Lys-OMe•2HCl (115) 
 
HCl (4 M in dioxane, 2.5 mL, 10.0 mmol, 10.0 equiv) was added to a solution of Boc-Lys-OH 
(297 mg, 1.00 mmol) in MeOH (10 mL) and the reaction mixture was stirred at room 
temperature for 24 h.  The solvent was then removed in vacuo and the residue was further dried 
under high vacuum for 4 h to obtain H-Lys-OMe•2HCl (32) (229 mg, 0.98 mmol, 98%) as a 
white solid. 
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1H NMR (500 MHz, DMSO-d6): δ [ppm] = 8.68 (s, 3H), 8.11 (s, 3H), 3.98 (t, J = 6.4 Hz, 1H), 
3.75 (s, 3H), 2.74 (t, J = 7.4 Hz, 2H), 1.86–1.78 (m, 2H), 1.63–1.53 (m, 2H), 1.48 (ddd, 
J = 15.5, 13.4, 7.3 Hz, 1H), 1.42–1.32 (m, 1H). 
13C NMR (126 MHz, DMSO-d6): δ [ppm] = 169.9 (s), 52.8 (s), 51.6 (s), 38.1 (s), 29.3 (s), 26.2 
(s), 21.2 (s). 
1H NMR (500 MHz, D2O): δ [ppm] = 4.20 (t, J = 6.5 Hz, 1H), 3.88 (s, 3H), 3.04 (t, J = 7.7 Hz, 
2H), 2.17–1.92 (m, 2H), 1.75 (p, J = 7.7 Hz, 2H), 1.66–1.42 (m, 2H). 
13C NMR (126 MHz, D2O-d6): δ [ppm] = 170.6 (s), 53.6 (s), 52.6 (s), 39.0 (s), 29.2 (s), 26.3 
(s), 21.5 (s). 
The spectroscopic data matched those reported in the literature.222 
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NMR Titrations 
 
NMR titrations were performed at 298 K, measuring 1H NMR spectra at 400 MHz using a 
BRUKER Ascend 400 or at 500 MHz using a UltraShield 500 spectrometer.  If not stated 
otherwise, the phosphate buffer used for titration experiments was prepared by dissolving 
KH2PO4 (953 mg, 7.00 mmol) and NaOH (192 mg, 4.80 mmol) in D2O (100 mL) to obtain a 
final buffer concentration of 70 mM and a pD of 7.2, determined via electropotentiometric 
measurement.162 
If not stated otherwise, titrations were performed at constant host (H) concentration [H] 
(100 µM unless explicitly stated otherwise) and samples were prepared as follows: a stock 
solution of guest (G) was prepared by dissolving the guest in a stock solution of the host and 
both solutions were mixed in different ratios to obtain NMR samples of 500 µL with constant 
[H] and varied [G] in a range of G/H = 0 … 10 for high binding constants and 0 … 100/200 for 
lower binding constants.  Dilution titration experiments were performed using different 
concentrations of H in buffered D2O.  Experimental data for the Job plots were obtained by 
mixing two solutions, one with [H] = 1.00 mM in buffer and one with heptanediamine 
dihydrochloride (102, [G] = 1.00 mM) in buffer, in such a way that the total concentration is 
kept constant at [H] + [G] = 1.00 mM while varying the molar fraction of G.  The NMR samples 
were adjusted to the original pD of buffer when necessary.189 
Fast exchange on an NMR timescale was observed for the formation of host-guest complexes; 
therefore changes in chemical shift were observed and plotted using nonlinear regression via 
the bindfit app (THORDARSON et al., http://app.supramolecular.org/bindfit/)7,223 for signals that 
could be observed unambiguously over the entire course of the titration experiment.   
For legibility reasons, one exemplary titration experiment is presented at this point, with the 
rest of the data in the appendix of this monograph.  Stacked NMR spectra of titrations of 
tweezers 127–130 are given for the exemplary titration with heptanediamine dihydrochloride 
(102), with the descriptions of the protons depicted on those spectra also corresponding to the 
same proton in the tweezer for the graphs of titrations with every other guest.  The resulting fits 
were used to calculate Ka in addition to an error margin for 95% confidence of fit and the root 
mean square (RMS) for quality of the fit.  
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Dilution Titration and Job Plot Analysis for 127 
 
Kdim = 32.7 ± 1.0 M–1. RMS = 3.4416•10–4. 
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The clear maximum of all observed signals at Xa = 0.5 strongly suggests a 1:1 stoichiometry 
between host 127 and guest 102.  The dashed lines are intended to guide the eye. 
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Exemplary Titration 127•102 
 
Titrated at [H] = 100 µM. 
Ka = 838 ± 8.5 M–1. 
RMS = 4.9993•10–4. 
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3.2.3 Overriding Intrinsic Reactivity in Aliphatic C–H Oxidation: Preferential C3/C4 
Oxidation of Aliphatic Ammonium Substrates 
In a study largely independent of the general topic of this dissertation and to be discussed in 
more detail by its first author in a future monograph, we developed a derivative of the general 
tweezer framework 81 in which one plane of symmetry is broken in that one R4 represents a 
catalytic Fe-PDP system for C–H oxidation as developed by White and co-workers,224 attached 
to the tweezer via an alkyne-linker (148, Figure 30).  We found that this catalyst is capable of 
overriding the inherent reactivity of C–H bonds in aliphatic ammonium salts by binding the 
ammonium group with at the rim of the tweezer that is proximal to the oxidative catalytic unit 
(see appended accepted manuscript). 
 
Figure 30.  Chimeric C–H oxidation tweezer 148. 
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4 Summary and Outlook 
Several different classes of supramolecular hosts have been reported to interact strongly with 
certain complementary features displayed at the surface of proteins, which potentially provides 
chemical interaction modes and resultant biological effects that are fundamentally different than 
what is possible with classical small-molecule drugs.  The class of molecular tweezers is 
particularly interesting in this regard because the synthesis of these non-macrocyclic hosts is 
generally more feasible while literature precedence suggests that such hosts can still be very 
potent binders of biogenic materials both in solution and on the surface of proteins.  However, 
only limited studies investigating the SAR of such tweezers are available, largely because a 
platform for water-soluble molecular tweezers that allows for derivatization at multiple 
different positions of the carbon skeleton is largely unprecedented. 
In this thesis, such a platform for phosphorylated glycoluril-derived molecular tweezers 81 was 
established and utilized to synthesize five different hosts of two generations (Figure 31).  We 
were especially interested in the possibility of binding biogenic molecules, particularly 
derivatives of lysine and arginine.  We first investigated the binding properties of the first-
generation tweezer 90 and found that it is strongly binding to certain sterically non-demanding 
alkanediammonium guests via a combination of the hydrophobic effect, ion-dipole interaction 
and ionic interactions while its narrow entrance impedes the interaction with sterically hindered 
guests like aminoacids  Our subsequent investigation into a second generation of tweezers 
(127–130) which we designed in a way that the entrance would be more accessible by 
translocating the phosphate groups that are effecting both solubilization and binding in the case 
of 90.  The comparative study of these second-generation tweezers and preceding 
supramolecular hosts shows that the phosphate groups attached to the central aromatic unit of 
the tweezers do not contribute to ammonium guest binding strongly.  Observations from the 
comparison of the binding properties of 127 and 68, 129 and 76 as well as 130 and 90 suggest 
that the steric hindrance and repulsion of the anionic phosphate groups in this central position 
and the carbonyl groups in the glycoluril units limits the accessibility of the phosphate for a 
guest inside the cavity and may even lead to a loss of preorganization of the host. The 
contribution of ionic interactions between the guest and the central phosphate anions is limited 
and binding may be attributed more to weaker cation-dipole interactions and the hydrophobic 
effect.  However, a trend is observable that the less sterically congested entrance into the 
cavities of these tweezers allows for better accommodation of sterically more demanding 
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guests.  Although these first attempts of developing derivatives of the general structure 81 did 
not lead to high affinity for a-aminoacids, the results grant an understanding of the impact of 
negatively charged phosphate groups on the binding properties depending on their location in 
the framework and their interplay with the glycoluril linker units. 
This in combination with the insights into the effect of differently shaped cavities from 
derivatization of the tips can guide efforts to modulate the activity of subsequent generations 
of hosts that are readily accessible with the exceptionally mild and tolerant synthetic route 
developed in this work.  Taking into account that we have also achieved constructing a chimeric 
host-White-Chen catalyst system with unique reactivity, there is ample space for exploration 
into future generations.  For instance, a larger spacer may improve binding efficacy of sterically 
more demanding guests and therefore offer ways of stronger interactions with e.g. lysine 
moieties.  Breaking one plane of symmetry may also lead to tweezers in which one tip is charged 
with a transferrable functional group that could then be selectively attached to well-binding 
guests in the presence of non-binding molecules. 
 
Figure 31.  The general framework 81 according to which five molecular tweezers were synthesized and 
investigated over the course of these PhD studies.  Two examples are the first-generation tweezer 90 and the 
second-generation tweezer 127.  Possible future generations of molecular tweezers may explore larger-sized 
cavities or tweezers with one plane of symmetry less that are loaded with a reactive R* and may act as a transfer 
reagent for guest-selective transformations.  
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5 Index of Abbreviations 
ac   acetone 
Ac   acetyl 
ADH   alcohol dehydrogenase 
AdoMet   S-adenosylmethionine 
AIBN   azobis-iso-butyronitrile 
approx.   approximately 
aq.   aqueous 
Arg   arginine 
ATP   adenosine triphosphate 
ATR   attenuated total reflectance 
Å   Ångstrom, 10–10 m 
Boc   tert-butyloxycarbonyl 
CAM   cerium ammonium molybdate 
CB[n]   cucurbit[n]uril 
CDCl3   deuterated chloroform 
Cy   cyclohexyl 
CyH   cyclohexane 
DCE   1,2-dichloroethane 
DCM   dichloromethane 
DDQ   2,3-dichloro-5,6-dicyano-1,4-benzoquinone 
DMAP   4-dimethylaminopyridine 
DMF   dimethylformamide 
DMSO   dimethylsulfoxide 
DNB   p-dinitrobenzene 
D2O   deuterated water 
EA   ethyl acetate 
ELSD   evaporative light scattering detector 
ESI   electrospray ionization 
Et   ethyl 
Fc   ferrocene, ferrocenyl 
Fc+   ferrocenium 
FDH   formate dehydrogenase 
FGG tag  phenylalanine-glycine-glycine tag 
G   guest 
GAPDH   glyceraldehyde 3-phosphate dehydrogenase 
GDH   glutamate dehydrogenase 
G6PD   glucose-6-phosphate dehydrogenase 
H   host 
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HAT   hydrogen atom transfer 
HFIP   hexafluoro-iso-propanol 
HIV   human immunodeficiency virus 
HMDS   hexamethyldisilazide 
HPLC   high pressure liquid chromatography 
HR-MS   high resolution mass spectrometry 
HSV   herpes simplex virus 
IR   infrared spectroscopy 
IS   interaction site 
ITC   isothermal titration calorimetry 
Ka   binding constant 
Lys   lysine 
m   meta 
Me   methyl 
MeCN   acetonitrile 
MeCN-d3  deuterated acetonitrile 
MeOD   deuterated methanol 
MeOH   methanol 
MERS   Middle East respiratory syndrome 
MS   mass spectrometry 
M.p.   melting point 
NAD+   nicotinamide adenine dinucleotide 
NADP+   nicotinamide adenine dinucleotide phosphate 
NBS   N-bromosuccinimide 
NMR   nuclear magnetic resonance 
NP   normal phase 
o   ortho 
p   para 
PDA   photodiode array 
PDB   protein database 
Ph   phenyl 
PhMe   toluene 
Pi   "inorganic phosphate" 
ppm   parts per million 
ref.   reference 
Rf   retention factor 
RMS   root mean square 
RP   reversed phase 
rt   room temperature 
S   spacer 
SAR   structure-activity relationship 
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SARS   severe acute respiratory syndrome 
tBu   tert-butyl 
TCNQ   tetracyanoquinodimethane 
TFA   trifluoroacetic acid 
TfOH   trifluoromethanesulfonic acid 
THF   tetrahydrofuran 
TLC   thin layer chromatography 
TMAI   tetramethylammonium iodide 
TMS   trimethylsilyl 
TNF   2,4,7-trinitrofluorenone 
tR   retention time 
TREN   tris(2-aminoethyl)amine 
UV   ultraviolet 
Vis   visible light 
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ABSTRACT: An electron-deficient amide is utilized as a
directing group to functionalize nonactivated C(sp3)−H bonds
through radical 1,5-hydrogen abstraction. The γ-bromoamides
formed are subsequently converted to γ-lactones under mild
conditions. The method described is not limited to tertiary and
secondary positions but also allows functionalization of
primary nonactivated sp3-hybridized positions in a one-pot
sequence. In addition, the broad functional group tolerance
renders this method suitable for the late-stage introduction of
γ-lactones into complex carbon frameworks.
Lactone rings occur as a common and widespread structuralmotif in natural and synthetic compounds. In particular,
many fine chemicals, natural products, and pharmaceuticals
comprise saturated γ-lactones. Naturally occurring lactones, such
as γ-decalactone (1), often contribute to the aromas of various
foods and fruits or exhibit interesting biological activities such as
the neurotrophic sesquiterpene jiadifenolide (2) or the
antibacterial peptidoglycan biosynthesis inhibitor avenaciolide
(3) (Figure 1a).1 Most methods for synthesizing saturated γ-
lactones, such as halolactonization or intramolecular substitu-
tions, depend on prefunctionalized γ-positions with either
electrophilic or nucleophilic properties (Figure 1b).2 In nature,
however, in many cases such oxygen heterocycles are introduced
by selective oxidation of scarcely functionalized carbon frame-
works by powerful oxidases such as the heme and non-heme iron
enzyme families.3
Since the pioneering observations of Hofmann, Löffler, and
Freytag,4 a variety of methods have been established to transform
C−H bonds directly. New concepts enabling innate and directed
C−H functionalizations with control over regio- and stereo-
selectivity are emerging, including transition-metal-catalyzed
reactions.5 Nevertheless, the extraordinary properties of nitro-
gen-centered radicals and the high selectivity of radical hydrogen
abstractions still inspire scientists to develop novel methods for
controlled oxidation in a variety of applications.6 Since the 1960s,
there have been reports that amidyl radicals can in principle be
used to form γ-lactones via hydrogen abstraction.7 Nevertheless,
such a lactonization has not found application in synthesis. As
Suaŕez stated in 2005,8 this is due to the narrow scope, low
chemical yields, and poor reproducibility of the procedures
published. A method that allows the functionalization of
nonactivated tertiary, secondary, and also primary C−H bonds
is highly desirable but has not been available to date. Ideally, it
would operate under mild conditions and tolerate a wide variety
of functional groups. To find solutions for this challenge, we
conducted a systematic investigation of the radical-mediated
Received: November 11, 2016
Published: December 5, 2016
Figure 1. (a) Selection of natural products containing γ-lactones. (b)
Retrosynthetic approaches toward γ-lactones. (c) Mechanistic descrip-
tion of lactone formation.
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synthesis of lactones utilizing amidyl-directed C−H functional-
ization. This strategy would follow the mechanism depicted in
Figure 1c. Here carboxylic acid 4 is converted to the amide,
followed by N-bromination to afford the labile N-bromo species
6. Upon irradiation, this compound forms a nitrogen-centered
radical, which can undergo 1,5-H abstraction via the six-
membered transition state T1. Radical recombination gives rise
to γ-bromoamide 7, which then should allow cyclization to form
iminium lactone 8 over the amide.9Hydrolysis then yields lactone
5.
First, different substituents were screened for their aptitude to
achieve the desired C−H functionalization on the test substrate
pentanoic amide (Table 1). Acetyl hypobromite and white light-
emitting diodes (LEDs) were used to generate the N-bromo
species and initiate the radical reaction, respectively. It became
evident that many substituents show either no γ-bromination (9,
10, 13, and 20) or moderate ratios of product to starting material
(11, 12, 14, and 19). Very good results were obtained with tert-
butyl amide 16 (93:7; Table 1). However, the tert-butyl amide
underwent spontaneous cyclization to form the iminium lactone,
which proved to be unreactive under a variety of hydrolysis
methods, presumably because of the steric bulk of the tert-butyl
group. Calculations and experiments have indicated that
especially electron-deficient amidyl radicals tend to undergo
hydrogen abstractions readily.6a,10 Since the trifluoroethyl group
has proven to be suitable for the carbamate-directed synthesis of
1,3-diols as demonstrated by the Baran group,6b we investigated
the reaction with trifluoroethyl-substituted amide 17. We were
pleased to observe that in this case the hydrogen abstraction led
to the formation of the C−H functionalized product in an
excellent ratio (90:10) without formation of any side products.
With a simple route to the γ-bromoamide established, we turned
our attention to different cyclization methods and found that
formation of the iminium lactone could be easily inducedwith the
addition of silver(I) tetrafluoroborate under mild conditions.11
However, attempts to isolate and purify the iminolactone after
deprotonation with base were unsuccessful.12 Instead, facile
hydrolysis was achieved at room temperature by direct addition
of water to the reaction mixture. This finding was unexpected in
that tert-butyl iminolactones (8, R = tert-butyl; Figure 1) formed
from tert-butyl amides could be hydrolyzed only under harsh
conditions, such as refluxing sulfuric acid.7c,13 In contrast, we
were able to isolate the lactones under very mild conditions. This
underscores the advantageous properties of the trifluoroethyl
amide as a directing group, as it displays an optimal balance of
electron deficiency, O-nucleophilicity, and hydrolyzability.
Next, we looked at a series of simple substrates to evaluate
whether different aliphatic sp3 positions could be functionalized.
Starting from commercially available carboxylic acids, a series of
γ-lactones were synthesized by conversion of the respective
amides in a one-pot lactonization protocol (Table 2; for screening
details, see Table S1). Notably, not only tertiary (21, 22, and 23)
and secondary (24, 25, and 26), but also primary C(sp3)−H
bonds (27, 28, and 29) were found to be readily functionalized
this way, giving rise to the respective γ-lactones in good to
excellent yields. Besides compounds with various alkyl lengths,
also spirocyclic structures (23) as well as α-substituted lactones
(25, 27, and 28) are accessible.
To investigate the scope and the limitations of the reaction, a
series of more complex structures were synthesized and
converted to the respective lactones. Here the fully optimized
protocol was utilized (Table S1). As depicted in Table 3, the
lactone moiety could be introduced into a variety of structures
with different functional groups such as ketones (30), protected
amines (31), aryl units (32), and electron-deficient olefins (33).
Complex polycyclic γ-lactones (34, 35) and bislactones (36)
were also synthesized. In several cases (32b, 33b, 35b, 36b, and
37b), the yield was improved by utilizing AgOAc instead of
AgBF4 to promote cyclization.
As with most C−H oxidation methods, electron-rich alkenes
and enones do not tolerate the radical reaction step; in the case of
an epoxide-containing substrate we investigated, γ-bromination
was successful, but the cyclization conditions required were not
compatible (see Table S2). Moreover, a limitation was found in
the case of sterically hindered substrates: α-quaternary amides
failed to undergo N-halogenation, while one substrate with a
sterically very demanding γ-substituent failed to undergo H-
abstraction. DFT calculations indicated that in this case the
transition state energy was considerably higher than in the case of
regular substrates (further discussion and mechanistic details
Table 1. Screening of N Substituents
aComplex product mixture; no γ-bromination was observed.
bCyclization product.
Table 2. Synthesis of Tertiary, Secondary, and Primary γ-
Lactonesa
aR = CH2CF3.
bDetermined using CH2Br2 as an internal standard.
cIsolated yield.
Organic Letters Letter
DOI: 10.1021/acs.orglett.6b03371
Org. Lett. 2016, 18, 6472−6475
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based on DFT calculations can be found in the Supporting
Information).
After investigating the scope of the reaction, wewere interested
to see whether it would be possible to alter the regio- and
chemoselectivity by incorporating specific structural features.
Substrate 37a with benzylic C−H bonds at the δ-position
diverged from the usually favored transition state and gave rise to
the six-membered lactone 37b. This trend was also observed in
the case of compound 38a, where the γ-position was blocked by a
quaternary center. Here, also a seven-membered transition state
initially led to formation of the δ-bromoamide. However, upon
cyclization the system yielded γ-lactone 38b, presumably via a
1,2-methyl shift. It is important to note that spatially suitably
arranged nucleophilic groups, such as an ester, can outcompete
the amide in the cyclization, as shown in the conversion of ester
39a to γ-lactone amide 39b.
In conclusion, the first general method has been developed that
allows the introduction of lactone rings by amide-directed C−H
functionalization in good to excellent yields with unprecedented
scope. Although nitrogen radical chemistry has been known since
the age-old HLF reaction, this work features two major advances
by employing the trifluoroethyl amide as a directing group: (1)
the highly efficient hydrogen abstraction, which is not limited to
tertiary and secondary sp3 positions but is also suitable for the
conversion of primary nonactivated methyl groups, and (2) the
efficient cyclization and mild hydrolysis, which allow the direct
and simple synthesis of γ-lactones in a one-pot fashion in the
presence of a variety of functional groups. In total, 19 different
substrates were converted successfully, showcasing highly
predictable selectivity, good functional group tolerance, and
broad scope for the functionalization of aliphatic C−H bonds.
Since lactones are prominent structural features of many
synthetic compounds and natural products, application of this
C−H lactonization method will open up novel routes, including
biomimetic late-stage C−H oxidations.
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A Modular Phosphorylated Glycoluril-Derived Molecular Tweezer
for Potent Binding of Aliphatic Diamines
Michael Heilmann[a] and Konrad Tiefenbacher*[a, b]
Abstract: A molecular tweezer based on a glycoluril-de-
rived framework bearing four phosphate groups was syn-
thesized and shown to be capable of binding organic
amines in aqueous solution. This work reports the Ka
values for 30 complexes of this molecular tweezer and
amine guests, determined by means of 1H NMR titrations.
Both the hydrophobic cavity and the phosphate groups
contribute to the binding. Bulkier molecules and mole-
cules bearing negatively charged groups like carboxylates
in amino acids bind less tightly due to a steric clash and
coulombic repulsion. The narrow cavity and the strong
ionic interactions of the phosphate groups with ammoni-
um guests favor binding of aliphatic diamines. These bind-
ing properties clearly distinguish this system from struc-
turally related molecular clips and tweezers.
Selectively binding biologically relevant molecules is a topic
that has grown in attention over the past decades.[1] Over that
same time period, our understanding of molecular recognition
in complex systems, both biological and supramolecular ones,
has grown substantially.[2] Several examples of supramolecular
hosts capable of binding drugs or druglike molecules[3] and
protein surfaces[4] have been developed. Hosts can form strong
interactions with several different classes of guest molecules
both in organic solvents[5] and water,[6] demonstrating the vast
potential of tailor-made artificial structures. One class of host
molecules are molecular clips/tweezers, which feature two aro-
matic panels held in place through a rigid linkage unit.[7] A
common feature in many water-soluble molecular clips and
tweezers is the concept of attaching polar groups like phos-
phates, sulfonates, carboxylates, etc. to facilitate solubilization
of the hydrophobic core structure.[8] One intensively investigat-
ed example was developed by Kl‰rner, Schrader, and co-work-
ers: molecular tweezer 1 (Figure 1) that comprises an electron-
rich hydrophobic cavity with two phosphate moieties attached
to the framework. They were able to show that 1 is an excel-
lent binder of lysine not only in solution, but also on the sur-
face of particular proteins by which it can act as an inhibitor
for protein–protein interactions.[4b,7a,8c, 9] Besides this tweezer
and its close relatives,[10] a variety of different frameworks for
molecular tweezers and clips have been investigated, for in-
stance by the groups of Zimmerman,[11] Nolte,[6a] and
Isaacs.[8a,b,12] In particular, Isaacs and co-workers investigated a
class of acyclic congeners of cucurbit[n]urils (CB[n]) that share
in common that they incorporate varying numbers of glycoluril
units. By changing this number, they have developed tweezers
that accommodate large aromatic dyes,[8b, 13] but also ones that
mimic CB[6], like 2 (Figure 1) with a smaller cavity that mainly
accommodates aliphatic amines.[8a] However, binding of an or-
ganic ammonium ion inside 2 is mostly dependent on cation–
dipole interactions with the glycoluril carbonyl moieties; there-
fore, the observed binding constants were lower than in sys-
tems like 1 that bind guests through strong ionic interactions.
Due to our interest in the application of supramolecular con-
tainers for catalysis,[14] we became interested in tweezers 1 and
2 since we envisioned that long term they may offer the po-
tential to bind and derivatize lysine residues on protein surfa-
ces selectively. For instance, in a hypothetical lysine-binding
system a suitably placed base and electrophile on the tweezer
backbone would facilitate derivatization of the primary amine.
We chose tweezer 2 as starting point, as the presence of four
hydroxyl groups should enable a more facile attachment of
groups than the less-functionalized tweezer 1 while retaining a
Figure 1. Chemical structures of the similarly sized phosphate-bearing
tweezer 1, glycoluril-derived tweezer 2 and the general framework for phos-
phorylated glycoluril-derived tweezer 3.[8a,c] OPi : OPO3H2.
[a] M. Heilmann, Prof. Dr. K. Tiefenbacher
Department of Chemistry, University of Basel
Mattenstrasse 24a, 4058 Basel (Switzerland)
[b] Prof. Dr. K. Tiefenbacher
Department of Biosystems Science and Engineering
Mattenstrasse 26, 4058 Basel (Switzerland)
E-mail : tkonrad@ethz.ch
Supporting information and the ORCID identification number(s) for the au-
thor(s) of this article can be found under:
https://doi.org/10.1002/chem.201902556.
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similarly sized cavity. As a first step towards our long-term
goal, we decided to investigate the attachment of phosphate
groups (inspired by tweezer 1) onto tweezer 2, as they should
increase affinity to amine guests, and report our results in this
communication.
Initially, we devised our synthetic route towards the final
product analogously to the synthesis of 2, followed by depro-
tection and phosphorylation.[8a] However, after a considerable
amount of experimentation, we were not able to achieve de-
methylation of the tetraethyl ester of 2 and under most reac-
tion conditions observed either no reaction or decomposition
instead of the desired transformation. Since the originally de-
vised route via 2 was not feasible, we started by exploring al-
ternative protecting groups. After the investigation of several
acyl, phosphoryl, and silyl groups, we only identified tert-butyl
protection as well-suited for our purpose. Therefore, we started
our synthesis from 2,3-dimethylhydroquinone (4, Scheme 1)
and were able to obtain dibenzyl bromide 5 in two steps.[15]
Subsequent alkylation of glycoluril 6 with one equivalent of
5[8a] provided 7, two equivalents of which were linked via alky-
lation with tetrabromodurene (8) to give the tert-butyl protect-
ed framework of the tweezer 9. It is noteworthy that, contrary
to the reported synthesis of its methyl analogon, only one dia-
stereomer was obtained under optimized conditions. In the C-
shaped diastereomer 9 formed, all R-groups are positioned on
the same side of the molecule (see Supporting Information for
details).[8a] After several attempts to remove the tert-butyl
groups under Lewis- or Brønsted-acidic conditions,[15,16] includ-
ing triflic acid in trifluoroethanol,[17] only led to decomposition
of 9 without productive formation of 10, we found that using
triflic acid in hexafluoro-iso-propanol (HFIP) gave rise to 10 in a
yield of 94%. With 10 in hand we were able to obtain the de-
sired tetraphosphate tweezer 11 in a sequence of Atherton–
Todd phosphorylation and deprotection of the formed tetra-
kis(diethyl)phosphate. When we first subjected 11 to the ali-
phatic monoamine guest decylammonium tetrafluoroborate
(13, Table 1), we found that it is a comparably moderate
binder (Ka=353m
ˇ1, 70 mm phosphate buffer in D2O, pD=7.2)
for monoamines, but we also realized that it is binding aliphat-
ic diamines very strongly. Compound 11 neatly accommodates
hexane-1,6-diammonium guest 12 inside its cavity
(Ka=1.33î10
5mˇ1, 70 mm phosphate buffer in D2O, pD=7.2,
Table 1). Additionally, isothermal titration calorimetry of 11 and
12 indicates a strongly enthalpy-driven binding (see Support-
ing Information). Figure 2 displays the 1H NMR spectra of 11,
12 and their equimolar mixture, indicating strong perturba-
tions of chemical shifts in both host and guest.
After having obtained these initial results, we were looking
into the binding properties of 11 in more details. Since struc-
turally comparable systems have been reported to dimerize in
solution, we first determined that 11 only undergoes weak di-
merization (Ks=5.07m
ˇ1), which is in good agreement especial-
ly with other glycoluril-based tweezers.[6b,7a, 8b] Subsequently,
the guest scope of 11 was explored. Table 1 summarizes the
binding constants Ka determined for the interaction of 11 with
29 different guests in phosphate buffered D2O (pD=7.2).
Values were determined via 1H NMR experiments using non-
linear regression[18] and span over a wide range (100–107mˇ1).
Given the structure of 11, we expected it to bind aliphatic dia-
mines strongly dependent on the length of their methylene
linkers. In fact, while di- and trimethylene linked diamine spe-
cies 14 and 15 were only very weakly interacting with 11, we
observed longer-chained species up to dodecanediammonium
chloride (22) to bind tightly to 11, with a maximum of
Ka=1.79î10
5mˇ1 in C8-diammonium chloride 19. This length
of a methylene linker for the best-binding guest is notably
higher than in several different related systems like cucurbitur-
ils and other glycoluril-derived tweezers,[8a,b,19] unless these sys-
tems were modified in a similar way of attaching additional
charged groups at their periphery.[20] Furthermore, the affinity
of 11 to these aliphatic diamines is considerably higher than of
2,[8a] all of which results indicate that the phosphate groups of
11 are involved in binding the ammonium moieties of guests,
possibly in addition to the glycoluril moieties.
In order to gain more insight into the binding mode, we
also investigated the binding properties of 11 with di-, tetra-
Scheme 1. Synthesis of the tetraphosphate Tweezer 11. R=CO2Et. a) 20% Mg(ClO4)2, Boc2O, 40 8C, 16 h, 70%. b) AIBN, NBS, CCl4, 95 8C, 16 h, 93%. c) 5, 6,
KOtBu, DMSO, rt, 3 h, 48%. d) KOtBu, 7, 29%. e) TfOH, HFIP, rt, 48 h, 94%. f) diethyl phosphite, CCl4, NEt3, MeCN, rt, 16 h, 61%. g) TMSBr, MeCN, rt, 16 h then
H2O, quant. The structure of 11 binding hexanediamine dihydrochloride (12) has been optimized based on the PM6 semi-empirical method. Boc: tert-butylox-
ycarbonyl, AIBN: azobis-iso-butyronitrile, NBS: N-bromosuccinimide, HFIP: hexafluoro-iso-propanol, TMS: trimethylsilyl.
Chem. Eur. J. 2019, 25, 12900 – 12904 www.chemeurj.org ⌫ 2019 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim12901
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and hexamethylated hexanediamine species 23, 24, and 25.
Since the binding constants of 12@11 (Ka=1.33î10
5mˇ1),
23@11 (2.93î105mˇ1), 24@11 (1.69î105mˇ1), and 25@11
(5.81î104mˇ1) are all within a margin of a factor of 5, a domi-
nating contribution of hydrogen bonding with the glycoluril
moieties in 11 can be excluded. This is also supported by the
binding of both 23 and 24 being reported to be weaker to the
strictly hydrogen-bonding tweezer 2 than to 11, and no bind-
ing constant being reported for 25@2. The binding appears
dominated by ionic interactions with the phosphate groups.
The lower binding of 25 compared to the other guests might
be attributed to increased steric bulk of the quaternary ammo-
nium salt that may render proper placement in the cavity less
favorable (see Supporting Information). Since several groups
have reported molecular tweezers that are strongly binding ar-
omatic guests, mostly rationalized by p–p interactions,[6b,8b] we
were interested to study the binding behavior of 11 with sev-
eral aromatic guests. As expected, the short phenylene linked
guest 26 was binding to 11 rather weakly (Ka=126m
ˇ1),
whereas both p-xylylene linked 27 (3.38î104mˇ1) and m-xyly-
lene linked 28 (3.63î103mˇ1) were interacting with 11 more
strongly. However, it is noteworthy that the binding constants
of 27@11 and 28@11 vary by an order of magnitude, although
the calculated NˇN distances (7.01 and 6.88 ä, respectively)
only differ marginally. The difference in binding may be attrib-
uted to 27 fitting more neatly into the cavity of 11, whereas
28 already induces increased steric strain. Considering that aro-
matic guests are viable guests and the binding may be attrib-
uted to ion-pairing, the high binding constant of 11 and
methyl viologen dichloride (29) (Ka=2.16î10
4mˇ1) and the
Table 1. Binding constants Ka of 11 and the corresponding guests (M
ˇ1), determined by means of 1H NMR titration. Titrations performed at 5 mm 11 or
100 mm 11. n.d. : Ka could not be determined by means of NMR titration. Values for 2 as host (ref. [8a]). [b] Values for 1 as host (ref. [21]). [c] Titration per-
formed at 10 mm 11. [d] Determined through competitive displacement titration at 100 mm 11 and 10 mm 29 as a competitor.
Figure 2. 1H NMR spectra of a) 5 mm tweezer 11. b) 5 mm 11 and 5 mm
guest hexanediammonium chloride (12). c) 5 mm 12. All spectra were re-
corded in 70 mm phosphate buffer (pD=7.2).
Chem. Eur. J. 2019, 25, 12900 – 12904 www.chemeurj.org ⌫ 2019 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim12902
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fact that 11 is binding those small aromatic guests more tight-
ly than 2 was consistent with our expectations.
We were then looking into the possibility of using 11 to
bind derivatives of basic amino acids. For derivatives of both
lysine and arginine, it is obvious that the methyl esters are
binding more tightly to 11 than the free carboxylic acids
(Ka=4.22î10
3mˇ1 and 57.1mˇ1 for lysines 31 and 32, respec-
tively; and Ka=253m
ˇ1 and 33.7mˇ1 for arginines 33 and 34,
respectively). This strongly reduced affinity of the free carbox-
ylic acids most likely stems from repulsion of the deprotonated
carboxylate of the guest (at pD=7.2) and the phosphates of
11. We were surprised to observe a binding constant for argi-
nine methyl ester (33) lower by an order of magnitude than
for lysine methyl ester (31) ; this reduced binding efficacy may
be explained by the increased steric bulk of the guanidinium
moiety of 33 compared to the smaller ammonium residue of
31. When N-acetylated lysine methyl ester (30) was titrated
with 11, we observed very weak binding (Ka=3.40m
ˇ1). This
demonstrates the strong influence of charge, but also sterics
of the guest on the interactions between host and guest, since
the more accessible cavity of tweezer 1 has been reported to
allow for strong interaction with both 30 and 32 (see Support-
ing Information). The low binding constant of weakly basic his-
tamine hydrochloride (35) and 11 (Ka=121m
ˇ1) and histidine
methyl ester (36) and 11 (Ka=21.2m
ˇ1) can be rationalized
with the imidazole moiety predominantly not being protonat-
ed in the phosphate buffer we used, rendering the material a
monoammonium species, which have already been shown to
bind to 11 only moderately. We did not observe binding of his-
tidine (37). Taking into account that additional steric bulk of a
carboxylate impairs the binding of lysine derivative 31 com-
pared to its parent diamine 17 and that histamine is a weak
binder, these results are in agreement with our expectations.
We finally looked into the possibility to employ 11 to bind bio-
logically relevant molecules. We therefore investigated the
binding of both spermidine (38) and spermine (39) and found
both guests to bind very tightly to the host system (for spermi-
dine: Ka=3.88î10
5mˇ1; for spermine: Ka=1.10î10
7mˇ1 deter-
mined via direct titration and Ka=7.92î10
6mˇ1 determined via
competitive displacement titration).[22] Similarly, the weak bind-
ing of thiamine (40) and thioflavin T (41) to 11 (Ka=80.6m
ˇ1
and 54.0mˇ1, respectively) met our expectations and may be
attributed to the inability of the host–guest complex to form
p–p interactions as well as the considerable steric hindrance of
the guest molecules. Both, a more open access to the cavity
and the feasibility of p–p interactions have repeatedly been re-
ported to be key in high interactions of such more complex ar-
omatic guests with other molecular tweezers.[8b,23] Finally, we
determined that 11 is also capable of binding 12 at different
pD values with only minor changes in affinity (Ka=3.00î
105mˇ1 at pD=4.2 and Ka=5.12î10
4mˇ1 at pD=10.2), leaving
host–guest interaction roughly unchanged as long as the
charge of host and guest do not change dramatically. We also
attempted to obtain a binding constant of 12 with phenylene-
diphosphoric acid (42), but were not able to observe any per-
turbation in chemical shifts over a large span of concentration.
This result suggests that there is no interaction between 12
and 42 in buffered aqueous solution and therefore provides
strong evidence for the observed interactions of 11 with the
investigated guests to be driven by the existence of a cavity in
11 to accommodate a guest molecule.
In summary, we have developed a modular and derivatizable
synthesis of the glycoluril-derived molecular tweezer 11 bear-
ing four phosphate groups, which is capable of strongly bind-
ing aliphatic diamines in aqueous solution. The binding prop-
erties of 11 are unique compared to the phosphorylated
tweezer 1 and the glycoluril-derived 2 in that it is a particularly
strong binder of a large span of aliphatic and other sterically
undemanding diamines and derivatives thereof. Binding is de-
termined by two main factors : (1) The strong ionic interactions
of protonated ammonium species with the deprotonated
phosphate groups of the tweezer lead to a stronger enthalpy-
driven binding than in 2, in which hydrogen-bonding dictates
the binding properties. (2) Due to the phosphate residues
being located at the tips of the tweezer, the entry into the
cavity of 11 is narrow compared to 1 and does not offer
enough space for sterically more demanding guests. Our re-
sults suggest that 11 represents a system that is complementa-
ry to previously reported molecular tweezers. The highly mod-
ular synthesis of 11 allows for fast and easy derivatization, a
process that is currently ongoing in our lab.
Acknowledgements
This work was supported by the Swiss National Science Foun-
dation as part of the NCCR Molecular Systems Engineering pro-
gram. M.H. acknowledges Dr. Michael Pfeffer for HR-MS analy-
sis and Dr. Daniel H‰ussinger for support in NMR titration ex-
periments.
Conflict of interest
The authors declare no conflict of interest.
Keywords: amines · host–guest complexes · molecular
recognition · molecular tweezers · supramolecular chemistry
[1] a) X. Ma, Y. Zhao, Chem. Rev. 2015, 115, 7794–7839; b) D. A. Uhlenheuer,
K. Petkau, L. Brunsveld, Chem. Soc. Rev. 2010, 39, 2817–2826.
[2] a) V. Balzani, A. Credi, F. M. Raymo, J. F. Stoddart, Angew. Chem. Int. Ed.
2000, 39, 3348–3391; Angew. Chem. 2000, 112, 3484–3530; b) E.
Persch, O. Dumele, F. Diederich, Angew. Chem. Int. Ed. 2015, 54, 3290–
3327; Angew. Chem. 2015, 127, 3341–3382.
[3] S. Ganapati, L. Isaacs, Isr. J. Chem. 2018, 58, 250–263.
[4] a) S. van Dun, C. Ottmann, L.-G. Milroy, L. Brunsveld, J. Am. Chem. Soc.
2017, 139, 13960–13968; b) T. Schrader, G. Bitan, F.-G. Kl‰rner, Chem.
Commun. 2016, 52, 11318–11334.
[5] a) F. Hof, S. L. Craig, C. Nuckolls, J. Rebek, Angew. Chem. Int. Ed. 2002,
41, 1488–1508; Angew. Chem. 2002, 114, 1556–1578; b) D. Ajami, L.
Liu, J. Rebek Jr. , Chem. Soc. Rev. 2015, 44, 490–499.
[6] a) A. E. Rowan, J. A. A. W. Elemans, R. J. M. Nolte, Acc. Chem. Res. 1999,
32, 995–1006; b) F.-G. Kl‰rner, T. Schrader, Acc. Chem. Res. 2013, 46,
967–978.
[7] a) F.-G. Kl‰rner, B. Kahlert, Acc. Chem. Res. 2003, 36, 919–932; b) M. Har-
douin-Lerouge, P. Hudhomme, M. Sallÿ, Chem. Soc. Rev. 2011, 40, 30–
43.
Chem. Eur. J. 2019, 25, 12900 – 12904 www.chemeurj.org ⌫ 2019 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim12903
Communication
  102 
  
[8] a) C. A. Burnett, D. Witt, J. C. Fettinger, L. Isaacs, J. Org. Chem. 2003, 68,
6184–6191; b) N. She, D. Moncelet, L. Gilberg, X. Lu, V. Sindelar, V.
Briken, L. Isaacs, Chem. Eur. J. 2016, 22, 15270–15279; c) P. Talbiersky, F.
Bastkowski, F.-G. Kl‰rner, T. Schrader, J. Am. Chem. Soc. 2008, 130, 9824–
9828.
[9] D. Bier, R. Rose, K. Bravo-Rodriguez, M. Bartel, J. M. Ramirez-Anguita, S.
Dutt, C. Wilch, F.-G. Kl‰rner, E. Sanchez-Garcia, T. Schrader, C. Ottmann,
Nat. Chem. 2013, 5, 234.
[10] F.-G. Kl‰rner, B. Kahlert, A. Nellesen, J. Zienau, C. Ochsenfeld, T. Schrader,
J. Am. Chem. Soc. 2006, 128, 4831–4841.
[11] a) S. C. Zimmerman, M. Mrksich, M. Baloga, J. Am. Chem. Soc. 1989, 111,
8528–8530; b) S. C. Zimmerman, W. Wu, Z. Zeng, J. Am. Chem. Soc.
1991, 113, 196–201.
[12] X. Lu, S. K. Samanta, P. Y. Zavalij, L. Isaacs, Angew. Chem. Int. Ed. 2018,
57, 8073–8078; Angew. Chem. 2018, 130, 8205–8210.
[13] L. Gilberg, B. Zhang, P. Y. Zavalij, V. Sindelar, L. Isaacs, Org. Biomol. Chem.
2015, 13, 4041–4050.
[14] Q. Zhang, L. Catti, K. Tiefenbacher, Acc. Chem. Res. 2018, 51, 2107–
2114.
[15] G. Bartoli, M. Bosco, M. Locatelli, E. Marcantoni, P. Melchiorre, L. Sambri,
Org. Lett. 2005, 7, 427–430.
[16] a) A. Alexakis, J. M. Duffault, Tetrahedron Lett. 1988, 29, 6243–6246;
b) A. Alexakis, M. Gardette, S. Colin, Tetrahedron Lett. 1988, 29, 2951–
2954.
[17] J. L. Holcombe, T. Livinghouse, J. Org. Chem. 1986, 51, 111–113.
[18] P. Thordarson, Chem. Soc. Rev. 2011, 40, 1305–1323.
[19] a) W. L. Mock, N. Y. Shih, J. Org. Chem. 1983, 48, 3618–3619; b) S. Liu, C.
Ruspic, P. Mukhopadhyay, S. Chakrabarti, P. Y. Zavalij, L. Isaacs, J. Am.
Chem. Soc. 2005, 127, 15959–15967.
[20] D. Ma, P. Y. Zavalij, L. Isaacs, J. Org. Chem. 2010, 75, 4786–4795.
[21] S. Dutt, C. Wilch, T. Gersthagen, P. Talbiersky, K. Bravo-Rodriguez, M.
Hanni, E. Sµnchez-GarcÌa, C. Ochsenfeld, F.-G. Kl‰rner, T. Schrader, J. Org.
Chem. 2013, 78, 6721–6734.
[22] C. S. Wilcox, J. C. Adrian, T. H. Webb, F. J. Zawacki, J. Am. Chem. Soc.
1992, 114, 10189–10197.
[23] T. Schrader, M. Fokkens, F.-G. Kl‰rner, J. Polkowska, F. Bastkowski, J. Org.
Chem. 2005, 70, 10227–10237.
Manuscript received: June 4, 2019
Revised manuscript received: July 15, 2019
Accepted manuscript online: July 26, 2019
Version of record online: September 13, 2019
Chem. Eur. J. 2019, 25, 12900 – 12904 www.chemeurj.org ⌫ 2019 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim12904
Communication
  103 
COMMUNICATION          
1 
 
Overriding Intrinsic Reactivity in Aliphatic C–H Oxidation: 
Preferential C3/C4 Oxidation of Aliphatic Ammonium Substrates 
Melina Knezevic,[a] Michael Heilmann,[a] GiovanniMaria Piccini,[b] and Konrad Tiefenbacher*[a][c] 
In memory of Rolf Huisgen. 
[a] MSc. M. Knezevic, MSc. M. Heilmann, Prof. Dr. K. Tiefenbacher 
Department of Chemistry 
University of Basel 
Mattenstrasse 24a, 4058 Basel, Switzerland 
E-mail: Konrad.tiefenbacher@unibas.ch 
[b] Dr. GM. Piccini 
Department of Chemistry and Applied Biosciences, ETH Zurich, c/o USI Campus, Via Giuseppe Buffi 13, CH-6900 Lugano, Switzerland; Facoltàdi 
Informatica, Istituto di Scienze Computazionali, Universitàdella SvizzeraItaliana (USI), Via Giuseppe Buffi 13, CH-6900 Lugano, Switzerland 
[c] Prof. Dr. K. Tiefenbacher 
Department of Biosystems Science and Engineering,  
ETH Zurich 
Mattenstrasse 24, 4058 Basel, Switzerland 
 
 Supporting information for this article is given via a link at the end of the document. 
 
Abstract: The site-selective C-H oxidation of unactivated positions in 
aliphatic ammonium chains poses a tremendous synthetic challenge 
for which a solution has not been found yet. Here, we report 
preferential oxidation of the strongly deactivated C3/C4 positions of 
aliphatic ammonium substrates by employing a novel supramolecular 
catalyst. This chimeric catalyst was synthesized by linking the well-
explored catalytic moiety Fe(pdp) to an alkyl ammonium binding 
molecular tweezer. The results highlight the vast potential of 
overriding the intrinsic reactivity in chemical reactions by guiding 
catalysis using supramolecular host structures that enable a precise 
orientation of the substrates. 
Over the last decades, synthetic methodology has progressed 
enormously. However, the site-selective oxidation of unactivated 
C(sp3)–H bonds still poses a remarkable challenge.[1] While it is 
possible to predict and exploit differences in the intrinsic reactivity 
of the C–H bonds in a given molecule, the oxidation of less 
reactive positions generally remains elusive.[2] Arguably, such 
methodology would considerably simplify the synthesis of 
complex oxygenated organic molecules. Nature, in many cases a 
role model for chemists, clearly demonstrates the potential of 
such methodology utilizing complex cytochrome P450 enzymes.[3] 
The optimized binding pocket of the active site is crucial in 
orienting a specific C–H bond towards the oxidant that is not 
necessarily the most reactive one. Mimicking such selective 
binding modes with synthetic catalysts has been very 
challenging.[4] 
 One promising approach is the covalent merger of a well-
developed oxidation catalyst with a supramolecular binding 
motif.[4b-d, 5] For instance, seminal work by Breslow involved 
cyclodextrin(CD)-modified metalloporphyrin complexes.[4b, 6] 
Several covalently modified substrates (to enable binding to the 
CD-moieties of the catalyst) were selectively oxidized using this 
strategy. The selective oxidation without the covalent attachment 
of recognition moieties to the substrate has been less successful, 
although remarkable examples were reported by Crabtree and 
Brudvig,[7] and Bach.[8] The oxidation of unactivated positions 
remains problematic.[4d] Longer alkyl chains comprise one of the 
most challenging substrate classes for selective oxidation, as the 
methylene C–H bonds hardly differ in their reactivity.[9] For 
instance, oxidation of a decyl ammonium substrate (Fig. 1) 
utilizing the White-Chen[1a, 2d, 10] catalyst 1 yields mixtures of 
ketone products with a preference for oxidation at carbons C6 and 
higher.[11] Remarkably, the Costas group recently reported a novel 
method for selective oxidation of alkyl ammonium substrates  
 
Figure 1. C–H Oxidation catalysts with different selectivities for alkylammonium 
chains. 
8.3 Manuscripts not yet Edited  
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Scheme 1. Synthesis of the Fe(pdp)-functionalized tweezer Fe-Twe 4. a) TBS-acetylene, PdCl2(PPh3)2, CuI, Et2NH, 50 °C, 16 h, 97%. b) NBS, AIBN, CCl4, 95 °C, 
72 h, 58%. c) 7, KOtBu, 6, DMSO, rt, 16 h, 44%. d) TBAF, THF, 0 °C, 2 h, 80%. e) 10, PdCl2(PPh3)2, CuI, PPh3, THF, µw, 120 °C, 90 min, 76%. f) NaCNBH3, TFA, 
MeOH, CH2Cl2, rt, 4 h, 96%. g) PBr3, CH2Cl2, 0 °C → rt, 16 h, 75%. h) 11, K2CO3, TBAB, MeCN, 90 °C, 16 h, 97%. i) Fe(OTf)2(MeCN)2, MeCN, rt, 2.5 h, 58%.AIBN: 
azobis-iso-butyronitrile, TBS: (tert-butyldimethylsilyl), TBAB: tetra-n-butylammonium bromide, TBAF: tetra-n-butylammonium fluoride, TFA: trifluoroacetic acid, NBS: 
N-bromosuccinimide. 
favoring the positions C8/C9 (Fig.1).[11] The catalyst utilized in 
their work features a catalytic center (Mn- or Fe-N,N’-bis(2- 
pyridylmethyl)-2,2’bipyrrolidine (Mn- / Fe(pdp)) attached to two 
18-benzocrown-6 ether (BC) receptors (3) able to bind primary 
aliphatic ammonium ions.[11] 
Our recent interest in molecular tweezers,[12] combined with 
their ability to bind alkyl ammoniums prompted us to investigate 
their potential for selective C–H oxidation. Molecular tweezers are 
host molecules with an open cavity defined by two rigid arms.[13] 
Specifically, we decided to utilize a framework similar to the 
glycoluril-based tweezer 8b (Scheme 1) originally developed by 
Isaacs.[14] We speculated that it may bind alkylammonium cations 
more rigidly than the flexible crown ethers in catalyst 3; potentially 
delivering an increased oxidation selectivity. Here we report the 
synthesis of the chimeric tweezer-oxidation catalyst 4, and its 
unprecedented selectivity for the deactivated positions C3/C4. 
Although the ability of tweezer 8b (R = COOH, Scheme 1) 
to bind alkyl ammonium species in water was documented,[14] this 
project depended on binding in acetonitrile, the standard solvent 
for oxidations utilizing catalyst 1 and its derivatives.[2e, 10-11, 15] The 
binding constant of decyl ammonium tetrafluoroborate (C10-
NH3+) to 8b (R = COOEt) in acetonitrile was determined via NMR 
titration experiments (see Supporting Information, p. S95-96) and 
indicated reasonably strong binding (Ka = 210 ± 7.6 M–1, 
Kd = 4.77 mM ± 0.17 mM). Under the general oxidation 
concentrations adapted from Costas (1.0 eq. substrate, 74 mM in 
MeCN; 5 mol% Fe-Twe 8b; vide infra),[11] > 93% of tweezer 8b 
would be occupied with substrate. 
Encouraged by these initial results, we decided to explore a 
synthetic route towards the tweezer-catalyst 4, which comprises 
the well-explored catalytic moiety Fe(pdp)[1a, 10] linked to the 
tweezer binding motif by an alkyne residue. Initially, we 
envisioned a convergent approach based on the coupling of 
tweezer 9 and ligand 14 (Scheme 1). However, attempts to 
achieve such a coupling failed which led us to develop a more 
linear approach. Commercially available iododurene (5) was 
coupled with TBS acetylene under Sonogashira coupling 
conditions. Subsequent tetrabromination with NBS and AIBN 
yielded compound 6, which was linked via alkylation with two 
equivalents of 7[14] to produce tweezer 8a. TBS deprotection using 
TABF resulted in tweezer 9, which subsequently was coupled with 
5-bromo-2-pyridine carboxaldehyde (10). Surprisingly, reductive 
amination with 12 resulted in low yields under a variety of 
conditions. Therefore, the desired ligand 13 was constructed via 
alkylation (after reduction of the aldehyde and Appel-like 
bromination). The final complex 4 was obtained via coordination 
of 13 with Fe(OTf)2(MeCN)2.[11] As a reference oxidation catalyst 
lacking the tweezer binding motif but carrying a substituent at the 
pyridine 5-position, catalyst 2 (Figure 1) was also synthesized 
(see Supporting Information). 
 Surprisingly, the determination of the binding constant of 
decyl ammonium tetrafluoroborate and Fe-Twe 4 resulted in 
rather weak binding (Ka = 29.5 ± 1.9 M–1, Kd = 34.0 mM ± 2.2 mM). 
Subsequent, dilution titration experiments revealed that Fe-Twe 4 
displays a relatively large dimerization constant 
(Kdim = 160 ± 2.2 M–1) in contrast to tweezer 8b which did not 
show significant aggregation (see Supporting information’s, p 
S94-99).  
Initially, decyl ammonium tetrafluoroborate was chosen as 
a model substrate and investigated in the oxidation reactions with  
 
Figure 2. GC Chromatograms of the oxidation of C10-NH3+ with Fe-Br 2 (top) 
resp. Fe-Twe 4 (bottom).  
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Table 1. Oxidation of aliphatic ammonium salts by catalyst Fe-Br 2 and Fe-Twe 4. 
 
 
General reaction conditions:[11] substrate (18.5 µmol, 1.0 equiv.), catalyst (925 nmol, 5 mol%), AcOH (148 µmol, 8.0 equiv.), H2O2 (278 µmol, 
15 equiv., addition via a syringe pump over 90 min), MeCN, 0 °C. After 15 min, internal standard (biphenyl, 9.25 µmol, 0.5 equiv.), NEt3 
(100 µL), Ac2O (150 µL), 0 °C. After 1 h, washing with H2O, 2 M H2SO4, NaHCO3, H2O, dried (Na2SO4) and analyzed by GC. [a] Total yield 
refers to mixture of all isomers. [b] Selectivity refers to yield of selected ketones/total yield. [c] 5 mol% of Tweezer 8b was added additionally. 
[d] Different work-up, see SI. 
 
Figure 3. a) Reaction selectivities of the possible ketone products for the oxidation of different aliphatic ammonium ions with Fe-Br 2 resp. Fe-Twe-4. b) Binding 
modes 1 and 2 of Fe-4 and decyl ammonium (optimized at the PM3 level). 
Fe-Br 2 (intrinsic reactivity) and Fe-Twe 4 (Figure 2). As 
expected,[11] the non-directed oxidation with Fe-Br 2 resulted in 
mixtures of ketone products (K4-K9, ketones at C4-C9). Oxidation 
at the more proximal positions (K3/K4) was hardly detectable due 
to deactivation by the nearby ammonium moiety.[16] The main 
products were K6-K9 in nearly equal amounts. Employing catalyst 
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Fe-Twe 4 also led to mixtures but resulted in an inversed 
selectivity. Interestingly, the deactivated positions K3-K5 were 
those preferred by the supramolecular catalyst 4, overriding the 
intrinsic reactivity of the substrate (Table 1, entry 1 vs 2).  
Several control experiments were carried out to elucidate 
the role of the supramolecular recognition motif. First an 
experiment in which the two parts of Fe-Twe 4 were added as 
separate entities (tweezer 8b (5 mol%), and Fe-Br 2 (5 mol%)) 
was performed (Table 1, entry 4). The selectivity was significantly 
reduced and similar to the results of Fe-Br 2, demonstrating that 
the tweezer has to be covalently linked to the oxidation catalyst to 
achieve high selectivity. In separate experiments, we tried to 
reduce the binding ability of the substrate via methylation of the 
amine residue. The oxidation of C10-NMeH2+ already delivered 
reduced selectivities (entry 5 vs 6) while with dimethylated C10-
NMe2H+ as substrate, the selectivity was almost completely lost. 
These results strongly indicate that the substrate binds to the 
tweezer via hydrogen bonds. The yields in these two cases 
(entries 6 and 8) were only slightly reduced in comparison to entry 
2 which suggest that oxidation without specific binding to the 
tweezer is taking place as a background reaction. This is also 
indicated by the oxidation of cyclohexane by both catalysts (see 
Supporting Information, p. S37). In a competition experiment, 
decylammonium and cyclohexane were subjected to the oxidation 
reactions with Fe-Br 2 and Fe-Twe 4 in equal amounts which 
resulted in only slightly increased selectivity for decylammonium 
with Fe-Twe 4. The background reaction was much less 
pronounced with 3,[11] presumably due to the oxidant being 
blocked from two sides by the crown ether moieties. A third series 
of control experiments was performed with the aim of inhibiting 
substrate binding inside Fe-Twe 4. As Inhibitors, NH4PF4, NaOTf 
and methyl viologen dichloride hydrate were explored. The yields 
of the oxidation products, as well as the selectivity for C3-4 
decreased. However, these results are difficult to interpret since 
the inhibitor (NH4PF6), also inhibits oxidation of the regular 
catalyst Fe-Br 2 devoid of a tweezer moiety. However, due to the 
reduced selectivity these experiments also indicate some 
background oxidation with regular “solution” selectivity at C6-9.   
Subsequently, we studied the oxidation of several aliphatic 
ammonium salts with different chain lengths (Table 1, Figure 3). 
For all oxidation reactions with Fe-Twe 4 a pronounced selectivity 
increase for the C3–C4 positions was observed compared to the 
non-directed oxidations. In fact, with most substrates, ketones K3 
or K4 were the favored products for Fe-Twe 4 oxidation reactions. 
The yields, however, were generally lower for catalyst 4, which is 
presumably due to catalyst decomposition during the oxidation 
reaction (see Supporting Information, p. S39-42). The only 
exception is the oxidation of C7-NH3+ in which almost all positions 
are deactivated.[16] Moreover, substrates with longer alkyl chains 
mostly resulted in higher yields compared to the short ones, a 
trend also observed with 3.[11] Regarding the selectivities, in 
principle, two different binding motifs can be envisioned for 
catalyst 4 (Figure 3b): (1) The binding of the aliphatic chain inside 
the cavity of the tweezer. This binding mode is observed in 
aqueous solution, presumably due to the hydrophobic effect.[14] It 
would expose positions C6-C8 to the oxidant. (2) Without the 
hydrophobic effect, the sole binding to the polar end groups (urea 
carbonyl and methoxy oxygen) of the tweezer would be feasible, 
favoring the oxidation of positions C3-C5. The oxidation results 
obtained clearly suggest that the second binding mode is the 
predominant one. Molecular modeling was performed to 
investigate the suggested binding modes of the ammonium 
substrate inside the tweezer (see Supporting Information, p. 
S101-107). According to the calculations, the two binding modes 
are relatively close in energy indicating that C6-9 oxidation not 
only stems from a background reaction but also from binding 
mode 1. However, binding mode 2 (the cavity is well filled with a 
acetonitrile solvent, not shown in Fig. 3) is preferred, in 
accordance with the experimental results. Since binding mode 2 
depends on the guest molecule acetonitrile, the observed 
selectivity for K3-5 should be solvent dependent. Indeed, the 
selectivity is greatly reduced with trifluoroethanol, and disappears 
completely with the larger hexafluoro isopropanol as solvent (see 
Supporting information, p. S35-36). These results provide further 
evidence that the observed oxidation of the unactivated positions 
C3-5 stem from substrate binding to the tweezer moiety of catalyst 
4. 
In summary, we reported the synthesis of a supramolecular 
oxidation catalyst capable of overriding the intrinsic reactivity in 
aliphatic C–H oxidation of alkyl ammonium salts. The main 
products formed were ketones at carbons C3 and C4, positions 
that are intrinsically strongly deactivated and therefore not formed 
to a significant degree with other catalysts. Although the 
selectivities have clearly to be improved to achieve synthetically 
useful yields, these results augur well for the selective oxidation 
of unactivated C–H positions on complex carbon frameworks.  
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Dilution Titration and Job Plot Analysis for 128 
 
Kdim = 773 ± 8.9 M–1. RMS = 3.6919 •10–4. 
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The clear maximum of all observed signals at Xa = 0.5 strongly suggests a 1:1 stoichiometry 
between host 128 and guest 102.  The dashed lines are intended to guide the eye. 
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Dilution Titration and Job Plot Analysis for 129 
 
Kdim = 624 ± 2.8 M–1. RMS = 4.2941•10–4. 
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The clear maximum of all observed signals at Xa = 0.5 strongly suggests a 1:1 stoichiometry 
between host 129 and guest 102.  The dashed lines are intended to guide the eye. 
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Dilution Titration and Job Plot Analysis for 130 
 
Kdim = 35.0 ± 0.25 M–1. RMS = 3.8308 •10–4. 
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The clear maximum of all observed signals at Xa = 0.5 strongly suggests a 1:1 stoichiometry 
between host 130 and guest 102.  The dashed lines are intended to guide the eye. 
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Titration 127•138 in D2O 
 
Titrated at [H] = 100 µM. Ka = 208 ± 7.7 M–1. RMS = 9.9806•10–4. 
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Titration 127•138 
 
 
Titrated at [H] = 100 µM. Ka = 138 ± 2.5 M–1. RMS = 7.3681•10–4. 
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Titration 127•101 
 
 
Titrated at [H] = 100 µM. Ka = 35.8 ± 0.71 M–1. RMS = 4.9017•10–4. 
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Titration 128•77 
 
Titrated at [H] = 100 µM. 
Ka = 247 ± 4.6 M–1. 
RMS = 6.5743•10–4. 
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Titration 127•91 
  
Titrated at [H] = 100 µM. 
Ka = 569 ± 7.5 M–1. 
RMS = 4.6728•10–4. 
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Titration 127•103 
 
Titrated at [H] = 100 µM. 
Ka = 517 ± 5.7 M–1. 
RMS = 5.4569•10–4. 
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Titration 127•104 
 
Titrated at [H] = 100 µM. 
Ka = 240 ± 2.9 M–1. 
RMS = 5.6611•10–4. 
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Titration 127•69 
 
 
Titrated at [H] = 100 µM. Ka = 7.33 ± 0.19 M–1. RMS = 3.9350•10–4. 
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Titration 127•115 
 
Titrated at [H] = 100 µM. Ka = 88.0 ± 0.54 M–1. RMS = 4.6843•10–4. 
 
 
  
5.49
5.51
5.53
5.55
5.57
5.59
0 40 80 120 160 200
∂ 
/ p
pm
G/H
Proton 1
1.33
1.34
1.34
1.35
1.35
0 40 80 120 160 200
∂ 
/ p
pm
G/H
Proton 4
1.20
1.22
1.24
1.26
1.28
1.30
0 40 80 120 160 200
∂ 
/ p
pm
G/H
Proton 5
0.00
0.20
0.40
0.60
0.80
1.00
0 40 80 120 160 200
m
ol
ef
ra
ct
io
n
G/H
host host:guest
  124 
Titration 127•116 
 
 
Titrated at [H] = 100 µM. Ka = 32.1 ± 0.95 M–1. RMS = 5.6541•10–4. 
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Titration 127•117 
 
 
Titrated at [H] = 100 µM. Ka = 14.8 ± 0.19 M–1. RMS = 3.3548•10–4. 
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Titration 127•122 
 
Titrated at [H] = 100 µM. Ka = 200 ± 2.2 M–1. RMS = 5.7251•10–4. 
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Titration 127•112 
 
 
Titrated at [H] = 100 µM. Ka = 26.2 ± 0.71 M–1. RMS = 4.9637•10–4. 
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Titration 127•114 
 
Titrated at [H] = 100 µM. 
Ka = 144 ± 1.9 M–1. 
RMS = 5.8703•10–4. 
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Titration 127•124 
 
Titrated at [H] = 100 µM. Ka = 147 ± 6.5 M–1. RMS = 1.7838•10–3. 
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Exemplary Titration 128•102 
 
Titrated at [H] = 100 µM. Ka = 870 ± 25 M–1. RMS = 7.6580•10–4. 
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Titration 128•138 in D2O 
 
Titrated at [H] = 100 µM. No considerable perturbation of chemical shifts could be observed. 
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Titration 128•138 
 
Titrated at [H] = 100 µM. No considerable perturbation of chemical shifts could be observed. 
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Titration 128•101 
 
Titrated at [H] = 100 µM. No considerable perturbation of chemical shifts could be observed. 
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Titration 128•77 
 
Titrated at [H] = 100 µM. 
Ka = 83.5 ± 2.9 M–1. 
RMS = 8.5295•10–4. 
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Titration 128•91 
 
Titrated at [H] = 100 µM. 
Ka = 354 ± 9.2 M–1. 
RMS = 6.7305•10–4. 
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Titration 128•103 
  
Titrated at [H] = 100 µM. 
Ka = 1.20•103 ± 48 M–1. 
RMS = 8.3902•10–4. 
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Titration 128•104 
  
Titrated at [H] = 100 µM. 
Ka = 831 ± 31 M–1. 
RMS = 1.2351•10–3. 
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Titration 128•69 
 
Titrated at [H] = 100 µM. No considerable perturbation of chemical shifts could be observed. 
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Titration 128•115 
 
Titrated at [H] = 100 µM. No considerable perturbation of chemical shifts could be observed. 
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Titration 128•116 
 
Titrated at [H] = 100 µM. No considerable perturbation of chemical shifts could be observed. 
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Titration 128•117 
 
Titrated at [H] = 100 µM. No considerable perturbation of chemical shifts could be observed. 
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Titration 128•122 
 
Titrated at [H] = 100 µM. 
Ka = 45.0 ± 2.5 M–1. 
RMS = 1.0829•10–3. 
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Titration 128•112 
 
Titrated at [H] = 100 µM. 
Ka = 103 ± 5.3 M–1. 
RMS = 9.2432•10–4. 
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Titration 128•114 
 
Titrated at [H] = 100 µM. 
Ka = 1.75•103 ± 44 M–1. 
RMS = 1.4990•10–3. 
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Titration 128•124 
 
Titrated at [H] = 100 µM. Ka = 585 ± 62 M–1. RMS = 7.2743•10–4. 
 
 
  
5.47
5.50
5.53
5.56
0 20 40 60 80 100
∂ 
/ p
pm
G/H
Proton 1
0.00
0.20
0.40
0.60
0.80
1.00
0 20 40 60 80 100
m
ol
ef
ra
ct
io
n
G/H
host host:guest
  146 
Exemplary Titration 129•102 
 
 
Titrated at [H] = 100 µM. Ka = 2.58•103 ± 1.5•102 M–1. RMS = 2.3307•10–3. 
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Titration 129•138 in D2O 
 
Titrated at [H] = 100 µM. 
Ka = 275 ± 16 M–1. 
RMS = 4.2891•10–4. 
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Titration 129•138 
 
 
Titrated at [H] = 100 µM. Ka = 88.7 ± 2.5 M–1. RMS = 5.7701•10–4. 
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Titration 129•101 
 
Titrated at [H] = 100 µM. No considerable perturbation of chemical shifts could be observed. 
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Titration 129•77 
 
Titrated at [H] = 100 µM. Ka = 377 ± 3.7 M–1. RMS = 8.9145•10–4. 
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Titration 129•77 
 
 
Titrated at [H] = 100 µM. Ka = 1.17•103 ± 70 M–1. RMS = 3.5614•10–3. 
 
 
  
6.75
6.80
6.85
6.90
6.95
7.00
0 20 40 60 80 100
∂ 
/ p
pm
G/H
Proton 1
4.00
4.30
4.60
4.90
5.20
5.50
0 20 40 60 80 100
∂ 
/ p
pm
G/H
Proton 2 Proton 4
1.14
1.19
1.24
1.29
1.34
1.39
0 20 40 60 80 100
∂ 
/ p
pm
G/H
Proton 6 Proton 7
0.00
0.20
0.40
0.60
0.80
1.00
0 20 40 60 80 100
m
ol
ef
ra
ct
io
n
G/H
host host:guest
  152 
Titration 129•103 
 
Titrated at [H] = 100 µM. Ka = 1.90•103 ± 120 M–1. RMS = 2.2365•10–3. 
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Titration 129•104 
 
Titrated at [H] = 100 µM. Ka = 861 ± 27 M–1. RMS = 1.0191•10–3. 
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Titration 129•69 
 
Titrated at [H] = 100 µM. No considerable perturbation of chemical shifts could be observed. 
 
 
  
			


 
G/H = 200 
 
150 
 
140 
 
130 
 
120 
 
110 
 
100 
 
90 
 
80 
 
70 
 
60 
 
50 
 
40 
 
30 
 
20 
 
10 
 
0 
  155 
Titration 129•115 
 
Titrated at [H] = 100 µM. 
Ka = 23.0 ± 0.28 M–1. 
RMS = 3.3035•10–4. 
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Titration 129•116 
 
Titrated at [H] = 100 µM. No considerable perturbation of chemical shifts could be observed. 
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Titration 129•117 
 
Titrated at [H] = 100 µM. Ka = 14.8 ± 0.19 M–1. RMS = 5.6290•10–4. 
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Titration 129•122 
 
 
Titrated at [H] = 100 µM. Ka = 94.4 ± 1.1 M–1. RMS = 3.0374•10–4. 
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Titration 129•112 
 
Titrated at [H] = 100 µM. Ka = 99.2 ± 0.99 M–1. RMS = 4.3547•10–4. 
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Titration 129•114 
 
Titrated at [H] = 100 µM. Ka = 30.4 ± 0.62 M–1. RMS = 4.4906•10–4. 
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Titration 129•124 
 
 
Titrated at [H] = 100 µM. Ka = 175 ± 1.7 M–1. RMS = 3.2291•10–3. 
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Exemplary Titration 130•102 
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Titrated at [H] = 100 µM. 
Ka = 4.96•104 ± 2.0•103 M–1. 
RMS = 1.7258•10–3. 
 
 
 
 
 
 
 
 
  
0.00
0.20
0.40
0.60
0.80
1.00
0 2 4 6 8 10
m
ol
ef
ra
ct
io
n
G/H
host host:guest
  165 
Titration 130•138 in D2O 
 
Titrated at [H] = 100 µM. 
Ka = 4.26•103 ± 23 M–1. 
RMS = 3.1629•10–3. 
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Titration 130•138 
 
Titrated at [H] = 100 µM. 
Ka = 3.31•103 ± 88 M–1. 
RMS = 1.0508•10–3. 
 
 
 
 
 
 
 
 
  
7.12
7.16
7.20
7.24
7.28
7.32
0 20 40 60 80 100
∂ 
/ p
pm
G/H
Proton 1
5.40
5.44
5.48
5.52
5.56
5.60
0 20 40 60 80 100
∂ 
/ p
pm
G/H
Proton 2
4.10
4.20
4.30
4.40
4.50
0 20 40 60 80 100
∂ 
/ p
pm
G/H
Proton 3 Proton 4
1.20
1.24
1.28
1.32
1.36
1.40
0 20 40 60 80 100
∂ 
/ p
pm
G/H
Proton 6 Proton 7
0.00
0.20
0.40
0.60
0.80
1.00
0 20 40 60 80 100
m
ol
ef
ra
ct
io
n
G/H
host host:guest
  167 
Titration 130•101 
 
Titrated at [H] = 100 µM. 
Ka = 2.61•104 ± 280 M–1. 
RMS = 7.5084•10–4. 
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Titration 130•77 
 
Titrated at [H] = 100 µM. 
Ka = 2.87•105 ± 3.3•104 M–1. 
RMS = 2.5163•10–3. 
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Titration 130•91 
 
Titrated at [H] = 100 µM. Ka = 1.48•105 ± 8.6•103 M–1. RMS = 1.6534•10–3. 
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Titration 130•103 
 
Titrated at [H] = 100 µM. Ka = 1.43•104 ± 250 M–1. RMS = 5.9615•10–4. 
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Titration 130•104 
 
 
Titrated at [H] = 100 µM. Ka = 3.15•103 ± 160 M–1. RMS = 7.8593•10–3. 
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Titration 130•69 
 
Titrated at [H] = 100 µM. 
Ka = 28.3 ± 0.81 M–1. 
RMS = 5.4720•10–4. 
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Titration 130•115 
 
Titrated at [H] = 100 µM. Ka = 1.43•103 ± 43 M–1. RMS = 8.4143•10–4. 
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Titration 130•116 
 
 
Titrated at [H] = 100 µM. Ka = 30.8 ± 0.47 M–1. RMS = 4.7964•10–4. 
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Titration 130•117 
 
Titrated at [H] = 100 µM. 
Ka = 1.26•103 ± 98 M–1. 
RMS = 4.1844•10–3. 
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Titration 130•122 
  
Titrated via competitive displacement titration at 100 µM [H], 10 mM methyl viologen 
dihydrochloride (114) as a competitor C and increasing concentrations of spermidine 
trihydrochloride (122, 0 … 1000 µM), employing the equation Ka = Ka,obs • (1 + KC • [C]) to 
determine Ka based on the observed equilibrium constant Ka,obs and the previously determined 
KC (which is the equilibrium constant for 130•122: Ka = 2.71•104 ± 260 M–1).1-3 
 
Ka,obs = 8.73•103 ± 98 M–1.  RMS = 4.1585•10–4 
Ka = 2.37•106 ± 5.5•104 M–1. 
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Titration 130•112 
 
 
Titrated at [H] = 100 µM. Ka = 1.88•104 ± 130 M–1. RMS = 8.3389•10–4. 
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Titration 130•114 
 
Titrated at [H] = 100 µM. Ka = 2.71•104 ± 260 M–1. RMS = 7.8172•10–4. 
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Titration 130•124 
 
Titrated at [H] = 100 µM. No considerable perturbation of chemical shifts could be observed. 
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Titration 90•138 in D2O 
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Titrated at [H] = 100 µM. 
Ka = 295 ± 4.4 M–1. 
RMS = 1.0216•10–3. 
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Titration 90•138 
 
 
Titrated at [H] = 100 µM. 
Ka = 345 ± 5.1 M–1. 
RMS = 9.4942•10–4. 
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